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summary 


A study of the problema of a compact raagnatoKraph haa been carried out, 

()n the basis of the study, an optimal compact magnetograph has been constructed 
and the ability to detect magnetic fields, verified. The problem of the coup- 
ling of magnetic, velocity, and thermal affects has been a primary driver for 
the design. To this end, a novel split Fabry-Perot etalon was specially 
fabricated as the primary wavelength selector. 


CUMl'AOl' MAUNKTiHSRiyMl Vl’RIFlCATION PROGRAM 


1. Introduction 

The purpose oi this study was to verity the eoneept of a eompaet magneto^uMph 
system based on solid Fabry-Perot Interterometers as the spectral isolation 
elements. The first step in the verification process was a detailed study of 
the theory v)f operation of several Fabry-Perot systems, the suitability of 
various magnetic lines, signal levels expected tor ditterenc moaes ot opera- 
tion, and the optimal detector systems. The study was carried out by Dr, 

James Mosher and is the appendix ot this report. 

The Mosher study was quite complete and highly influenced the direction of the 
experimental phases of the program. In particular, it emphasised the severe 
roquiroments that the lack of a polarisation modulator placed upon the elec- 
tronic signal chain. The original concept for the raagnetograph did not 
include a modulator because of the reliability and high voltage problems. 
However, because of the study, a number of approaches for modulation were 
investigated experimentally. As a result the PL2T modulator was chosen as a 
satisfactory component with both high reliability and relatively low voltage 
requirements. Another major problem that was focussed by the Mosher report 
was the coupled issues . i thermal control, line centering, and line offset 
because of solar rotation and spacecraft velocity. To a large extent the 
thermal, line centering, and velowity offset problems were solved by’ a novel 
F. hry-Perot configuration that was not considered in the original roporc, but 
was suggested privately by Mosher in the. form of a sketca of the "ideal mag- 
netograph." 

Section two of this report discusses the magnetograph configuration decided 
upon for test. Much of the justification for the work described in section 
two is contained in the appendix, which is the Mosher report. 


U)mp.icc Ma)j;netograph lest Desigtx 
2.1 Optical System 

Shown in Fl>?ure 1 is the optical layout o£ the compact raajjnctograpU test 
system. Figure 2 shows a photograph of the system on the Lockheed echelle 
spectrograph optical bench. The magnetograph was fed by a 2U-centimeter 
diameter heliostat which normally is used to feed a 2-raeter echelle spectro- 
photometer. The entrance slit of the spectrograph is visible at the right- 
hand edge of the photograph. The location of the magnetograph on the spec- 
trometer optical bench allowed easy verification of spectral alignment and 
operation of the magnetograph system. 

in the order that the light strikes them, the components of the magnetograph 
and their functions are : 

1. Objective. The 127 cm focal length objective serves to form a solar 

image of convenient size in the plane of the field stop. The image 

scale in the focal plane is b.lb microns per arcsecond. 

2. Field Stop, The field stop serves to define the magnetograph sample 

region. Apertures in the size range from 25 to 250 microns were 
tested. This corresponds to solar regions Crom 4 to 40 arcseconds in 
diameter . 

3. Collimating Field Lens. The field lens is positioned its focal length 
from the field stop. The center line of the optical system passes 
through both the center of the hole in the stop and the field lens. 

The angle the aperture subtends at the field stop determines the spread 
of the beam from the stop. The size of the field lens must be suffi- 
cient to gather all the light that passes through the aperture, that 
is, the diameter of the field lens, , nu.se be 


whiice l)^ is the diameter et the objective, and ace the t'ocal 
lengths of field lens and objective, and A is the size of the aperture 
hole. 

a. Modulator. The modulator is an electrically driven waveplate which can 
be driven ±A/^i at b302 (0-200 volts). Together with the polarizing 
prism the modulator provides switching between analysis for right and 
left circularly polarized light. It also allows analysis for linear 
polarization when off or at \/2. 

5. Blocking Filter. The blocking filter iS'ilates the magnetic sensitive 
line \6302 and has a FWHM of 1.3 The FWHM is sufficiently narrow to 
Isolate a single passband pair of the Fabry-Perot. The blocking filter 
is operated in u temperature controlled oven. The control is to ±.1*^C 
which corresponds Co ±.007 A wavelength. 

b. Polarizing Prism Assembly. The polarizing prism is of the McNeille 
type. It passes p wave light, light polarized parallel to the plane of 
incidence, and reflects s wave light, light polariced perpendicular to 
the plane of incidence. The right angle prism redirects the s wave 
light parallel to the p wave but displaced about one centimeter. When 
the modulator acts as a quarter waveplate at to Che p direction, it 
converts right (left) circularly polarized light to linearly polarized 
parallel to the p (s) directions. Switching the waveplate to - \/4 
converts lef'^ (right) circularly polarized light to linearly polarized 
light parallel to Che p (s) direction. Therefore, the combination of 
waveplate and prism produces a pair of beams which pass either RGP or 
LCP and can be switched to the orthogonal states on command. 

7. Fabry-Perot. The Fabry-Perot interferometer used in this system is, to 
the best of our knowledge, unique. It is essentially two separate 
etalons on a single substrate. Each of the etalons produces a standard 
Fabry-Perot channel spectrum with 90 mA FWHM and 1.4 A interorder 
separation. However, the channel spectra are separated from each other 
by 170 mA. The pair of etalons are adjacent along a diameter of a 50- 
ora diameter disk; that is, the etalons are D shaped. When either of 
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the D'a are placed in front of a apectrograph olic, a normal ehannel 
apecCrum is observed. Moving Che aebstrate to observe the other 1) 
causes a similar spectrum but shifted 170 mA. If the subtrace is 
rotated so that slit covers both D's, a double peaked spectrum is 
observed. The double peaked spectrum, the solar spectrum near bliU, 
and the profile of i;he blocking filter, are shown in Figure 3. 

In the magnetograph, one D is in the p beam and the other is in the s 
beam. When the etalon is at the proper temperature, the p beam channel 
passes light in a 90 ml band centered +b5 mA from the ir^ou line at 
b3U2.5, while the s beam passes light in a 9U raA band centered at -Oj 
m.". from 03U2.5. These are referred to as the red and blue channels, 
respectively. 

8. Fabry Lenses. The Fabry lenses focus the essentially colliraated beams 
from the Fabry-Perot onto the detectors. 

9. Detector. The diagram shows a pair of PIN diode detectors. The actual 
experiments discribed below used photomultipliers in these positions. 


2.2 Principles of Operation 
2.2.1 Signal States 

From the above description, the magnetograph optical layout produces a pair 
of beams centered at plus and minus 85 mA from line center. Control of the 
waveplate allows analysis for RCP in +^\ and LCP in (-AX) : State I; or analy- 
sis of LCP in +AX and LCP in -AX: State II, or p polarized in +AX and s polar- 
ized light in -AX: State III, or s polarized light in +AX and p polarized ligh 
in -AX: State IV. 


Tablo 1 


State 

Waveplate 

Red Band 
+AX 

Blue Band 

“AX 

I 

+ \/4 

RCP 

LCP 

Ii 

-\/4 

LCF 

RCP 

III 

Off 

l> 

S 

IV 

,\/2 

S 

P 


By proper addition and subtraction of the photo signal in both channels in the 
various states, sufficient information for longitudinal magnetic and velocity 
field can be collected. For example, switching between States I and II yields 
in both the plus and minus channels a magnetogram signal. Because the States I 
and II send opposite circular polarization into opposite sides of the line, the 
signals in both wavelengths are in phase. For a pure magnetograph a single 
detector would suffice which could collect light from either or both the plus 
and minus delta lambda channels. 

States III and IV can be used for velocity measurements. If the input light is 
unpolarized, no transverse field, half the light goes to each of the wavelength 
samples. Thus, an inbalance in the channels measures velocity. The use of the 
system states ia described in some detail in Sections 2.4 and 5.1 of Mosher's 
report. 
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The Tiimpevf’fuiftt-Velocity Pcobl«ra 


} > ^ 
M • ^ 


2.«*2.1 Eiirth Operation 


The magnecograph was designed speciiicalLy to roiniratze the t» 3 inperature-veioolLy 
problem. Operated on Earth the solution is nearly optimal. Key to the design 
is the use ol an etalon with two bandpasses on a single substrate. Ueeause ot 
this, whatever the tilt of the etalon or its temperature the pair of peaks 
maintain their separation in wavelength. A null velocity signal can be ob- 
tained without knowledge of either the absolute temperature or tilt of the 
etalon by balancing the signal that arrives in the plus and minus delta lambda 
chaxinels. Unfocussed sunlight provides a null or nearly null velocity source. 
The capability of switching from State III to State IV allows calibration for 
internal polarization. 

The bandpass channels span (-130 mi, -sO m*) and (+40 m.*, +130 mi). Because 
the solar rotation rate is 2 km/sec, one limb has a relative velocity with 
respect to the other of 4 km/sec which, at \6302 A, corresponds to a relative 
wavelength shift of 84 mA. Therefore, it is necessary to shift the position 
of the etalon angle only once to cover east and west halves of the solar 
image. 

The wavelength to temperature sensitivity of the etalon is .04ti8 i/°C or 
21.4*^C/A. The velocity sensitivity to wavelength is 2.1 x lU”^A/meter/sec. 
Therefore, tae temperature sensitivity to wavelength is 4.5 x 10~‘*C®/ro/sec. 

To detect a velocity of 5 meters per second requires temperature stability or 
temperature knowledge of .0022^0. For a resistance thermometer at 3U®U the 
resistance change per degree is 160 .V^G. To measure 5 meters/sec, we must 
detect a change in resistance of .377 ohms on a basic resistance of the sensor 
of 4000 ohms. Thus, the measurement accuracy required is on part in 10“^. 

This is straightforward and can be done with off-the-shelf 41/2 digit multi- 
meters. 

It should be emphasized that it is not necessary to stabilize the temperature 
to 10“^ degree accuracy. It is only required that the temperature be moni- 
tored. This has been done in the laboratory using a 4 1/2 digit multimeter 
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attaclunl to resistance thermometers in the etalon cell, The, temperature 
variation observea varied slowly and could be easily compensated tor by the 
meter UseU» 

The dlKital moltimeter used was a Fluke bHiui calculating multimeter. This 
device can store a program and display and output a digital signal based upon 
the calculations. Using the temperature resistance t ibles and the etalon 
properties, the meter was programmed to read out resistance, temperature, 
wavelength,, and velocity offset. One couid observe that in the § mtsec range 
the velocity did not vary rapidly in time. 

t\s discussed in the Mosher report, the temperature is not a prtiblem ior the 
magnetic measurements. A temperature stability of .I'^O causes wavelength 
stability of less than 5 mA which has virtually zero eif*>ct. 


li M ♦♦ 




The principal problem of operation on a spacecraft is tlie potential for high 
line-of-sight velocity. A circular near-Earth orbit implies a tangential 
velocity of 7,5 km/sec. Depending on the inclination of the orbit to the 
ecliptic and the azimuth with respect to the Earth-sun line, the relative 
velocity from sunrise to sunset can be as large as 15 km/sec. Fifteen 
kilometers per second causes wavelength shift of 315 m& which can be 
compensated by an etalon tilt of 0.810 degrees. This large tilt causes 
considerable concern about the effective FWHM of the etalon. For perfectly 
collimated light, the change in FWHM Is negligible for the tilt angles of 
Interest. However, the finite size of the field stop results in imperteet 
collimation by the field lens. The shift in wavelength with angle for a 
Fabry-Ferot is 

•) 

» “ 

2n" 

and the effective width with a beam of angular width is 

n ) / 2 

FWHM( - ((FWHM)^ + SPREAD(.')^) 



iJt w»,! .u'oopt. a d'j ptii’ci'iit hroaUijninK at tlie FWHHi then tlui tt)iuruuc»} tar 
!>pu,‘adC ) is 5u ra.“, To a ^jood approximation 

I 

t .4 ^ ) 

.Spraadc ) » ^ 

^n" 

wluire ib’ the width of the quasi-coiliroated beam and ‘ (s the tilt atu'lo* At 
normal incidence, the allowed is 

„ _ f2n"(.U5)] 

' 1 hm j 


or 


^ " ♦0U5b radians, 


I'or a 25 mm focal length collimating field lens this implies an aperture 
diameter 


A - C.0';>0(2)(25 x 10^) 


or 


A >■ 281 microns . 


Now, for the IS km/sec case (n - .01414 radians), the value of o for a 50 m,°. 
beam spread is 

e « (.05)0^ 

6202(4)(, 01414) 


or 


-4 

» 5.6 X 10 radians. 


This drops the acceptable maximum aperture size to about 28 microns. 

The size of the aperture can be increased by increasing the focal length of 
the collimating lens. Therefore, one effect of the high tilt is the range in 
aperture size because it is not practical to use apertures much smaller than 5 
microns . 
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A mu»*h luuri' :u»ri»vj8 iirublcra 1« Uiut tu»‘ t'tal'm must lu* i“ontftautl.y 
UirtjuKhuuC the urhtt. to center the magneto^raph. Ihe prii».' ot this is mech'* 
anieal »oraplexlty ami perhaps velocity ueeuracy, The accuracy problem may be 
solved by precision i^ptical encoders on the tilt axis. 

d. J Modulators 

The primary modulators used in ground based magnetographs are KDP plates* Kerr 
cells I and quartz acoustic modulators. The number oi types used reflects the 
fact that none of the modulators are entirely satisfactory. Both K1)P plates 
and Kerr cells require several thousand volts for h 2 wave retardation* The 
Kerr cells suffer the additional disadvantage that they are liquid tilled, 
while KDl* plates are notorious for being ultra sensitive to thermal and mech- 
anical shocks. The quartz modulators operate by mechanical deformation of tl;c 
crystal which Induces strain birefringence. Unfortunately they operate in a 
mechanical resonant mode at about SU kHz. This is rather higher than is 
desirable in a simple signal chain. However, the quartz modulators could be 
successfully used. 

In the compact magnetograph we have chosen to use a PLZT modulator manufac- 
tured by Motorola. These devices require about 200 volts for a half wave at 
\b302* They have the disadvantage that the electrodes are in the aperture. 

The electrode coverage is about 2 percent, so that in our collimated mode, we 
suffer a 2 percent light loss. The devices were developed as the active 
component of fast shutters in atomic blast goggles. In their intended appli- 
cation, they are placed between crossed polarizers and are biased to '/2 in 
the mid visible. 

The intended application of the PLZT materials requires that they meet ‘jeverc 
military specifications for ruggedness, reliability, and uniformity. The 
samples we have tested are quite uniform. They have proved satisfactory and 
should be easily space qualified. Because of their ruggedness and proven 
reliability, we have decided to include them in the compact magnetograph. 
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^,^4 FUteivj 

.U‘^4,1 lUut'ktuK FiU<i*i’.*5 

Whi'U Uu* I'unijnii'L !na>5ue t^igraplti waw t)rl>.^inaUy pr‘iiH>ued Lht* beut ail- -lop'Katou 
iilCiu’fl luui FWHM'u lit ») to H These tilters were of the three-i'avHy tJesiy.u 
iml had transmisstoas between 4il to ot) percent when blocked tor the 13V and 
IK. The width of these tiltere, c iiiibined wir,'‘ the finesse ot lb to ,'Ji »or 
eolid etalons required a tandem etalon design. 

Discussions with .Spectrofilros In .Xadover, ^^^;■^sachufietts, indicated U ai ;at he 
possible to construct all-deposited filters with tbUM's less than d Two 
such filters were nmnuf uctured , one with a FWHM of 1,3 A and the other of 
1,0 ’*<. Both filters are two-cavitv designs, are fully blocked, and have 35 
percent transmission. These filters allow going to a single solid etalon 
rather than the dual etalons previously required. This is an immense simpli- 
fication in the system. To competisate for spacecraft velocity would otherwise 
require controx of a pair of etal*)ns. 

With new coating control techniques, which should be possible with a dye laser 
monitoring system on the coating chamber, it is reasonable to hope that 1 "■ 
filters with greater than 50 percent transmission can be made. 

3.0,2 Novel Ktalon 

The novel etalon has been discussed above, but it Is worth discussing of the 
manufacturing technique. First, it must be noted tliat before the 1,3 “ blocker 
was available the split etalon could not be considered. A system of two split 
etalons would be too complex. 

The split etalon was manufactured from an existing 90 m* bandpass solid Fabry- 
Perot. The device was a freestanding wafer of fused silica about 1 mm thick. 
The etalon was returned to Perkin-Elmer and stripped cf its dielectric mirrors. 
The cleaned substrate was then coated with SiO^ and the rate of deposition, 
monitored. 'Ince the rate was known, a mask was fnserted over half the etalon. 
After a time such that ^90 “ of material was deposited, the source shutter was 
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closed. This process resulted in an etalon whose halves had slightly differ- 
ent thicknesses and hence offset spectral channels. The design objective was 
that the channel spectra were separated by twice the ^WHM. Because the 
etalons are on the same substrate they will always be subject to the same 
conditions, in particular, temperature and tilt. 

The technique of preferentially coating a desired thickness vmiation on an 
etalon is, we think, a significant advance. 

2.5 Operations 

The initial plan was to operate the compac't magnetograph with a pair of PIN 
diodes and synchronously detecting in phase with the quartz acoustic modula- 
tor. The electronics built for this task simplv did not perform as expected. 
We feel that there is nothing fundamentally wrong with the design or the 
diodes; however, time and the funds available under this contract did not 
allow development of the high frequency amplifier chain. 

The second electronics chain was based upon a photomultiplier, a lock-in 
amplifier, and PLZT plate. The operating frequency was 30 Hz. From the 

Q 

Mosher report, about 10^ photons per second per lO-^arcsecond region were 
received. Only one signal channel was used, plus delta lambda. The scans 
were made by allowing the solar image to drift across the aperture with the 
drive off. Because there was no velocity compensation, the magnetic 
sensitivity d?i* teased across the disk as the effective location of the plus 
delta lambda channel with respect to line center decreased. In addition, 
because of the operation in the spectrograph room, the solar beam reflected 
off a heliostat and two folding flats. 

Shown in Figure 4 are a series of scans across the solar image. The basic 
triangular shape is due to the residual circular polarization introduced by 
the non~normal reflection from the mirrors and the reduction of sensitivity as 
the wavelength channel moves toward line center. However, in the neighborhood 
of a sunspot, a magnetic field is clearly detected. 
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• n i-uturo iVtlvitiofi 


At tlu? compltjLion of tb.is contrace a grtjac deal remains co be done to have a 
working maKuetoKraph. A raster scan control program must be developed and the 
electronics chain must be improved as the minimum first step. Then some sophis- 
ticated software needs to be developed to establish the ultimate accuracies 
i)br.iinable tor the measurement of’ velocities. 

Hopefully funds will be found to place a compact magnetograph in operation. 
However, this program has demonstrated that a compact maccietograph i:i icisible. 


Fj>'uri' .f 

Figure 1. Optical layout of compact magnetograph. 

Figure 2. Photograph of magnet ogiaph on echelle epectrograph. 

Figure 3. Solar spectnun in the neigliborhood of X6302.5 together with 

spectral traces of both channels of the Fabry-Perot and 1.3 A 
blocker. All figures are to the same wavelength scale. 

Figure A. Drift scans across the solar Image. Region of sunspot mai'ked by 
dots. Magnetic signal region underlined. 
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t:i).N’;jII)KRATIt)NS ii; thk dhsiun of a 


coMPAtJT maoneto(;rapii employing; fabry-peimt fiu'eh:: 


I ♦ Ob jef Mvea 

Tlu» purpoBu of t-litt proposed program is fo domourfrrare rhe feaslbilirv oi 
measuring solar magnet-ie and velooify fields by means of a eompaet* vsysrem 
using Fabry Perof filfers. The immediare goal is ro consrruet* a proforype 
•sysfera capable of producing a Mounr Wilson-like raster scan of longirudinal 
magnefic fields wit'll a sampling aperrure of 10-20 are seconds and negligible 
noise at* flie "5 gauss" level. A fwo-lnch entrance aperrure is desired, bur a 
larger one may be used to compensate for die inefficiency of the available 
detectors . 
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2*1 ;H'iit*'n.if Ii' r.a'Miir 

For 'ipTiull «,unpllnK operiurr.s, a V(*ry simple tiesi^n Is 'lossibli*! 



Fl/,ure '.1.1 ! Upripal oleraencs of .i oomparf magnerograph (horixonral .soalo 
highly pompresfjod) . 

A1 is rhe W aro serond tield afop placed af fhe prime focus of the obje('flve 
lens 01. FP is che Fabry Peroc fllrer, Ad is a ; 'imenfod quarfer waveplat-e and 
polarizing mask (sec Figure 2.4a) » while 1) is rhe dc-tecror (currcnrly assumed 
ro be a 244 x 248 elemenr OID array wlt-h a faceplat-e measuring 9 x U mm 
Figure 4,2.2a), The only element's not* shown are rhe blocking filrers, which 
would piasumably be placed between the field stop and the Fabry Perot. 

As long as the aperture A1 is small compared to both the objective 
diameter and the diameter of the "image" on the detector, the positions ut FP, 
A2, and D after the field srop are arbitrary, permitting a free manipulation 
of the amount of filter and detector used by the light path. In fact, rhe 
polarization mask A2 can be placed anywhere in the syutem, even in front of 
the objective. None of the indicated parts are intended to move, e.xcept for 
purposes of alignment. Different points on the sun are examined by changing 
the pointing of the entire assembly, and the filters are tuned by temperature, 
rather than tilting. 

2.2 Properties of Fabry-Perot Filters 

According to McLeod's book ( Thin Film Optical "liters ), the transmission 
coefficient through a single element Fabry Peror r'Mtor ii; given by: 
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wluTt' T,j in rhe i'<«»ak rranumlKSlon poeli iflenf Cdert'rmlneii hv ubsurpMvt* Iohmph 
I n fho mlrrot f’oaf'iny.s and mib«i*rare), and Hie "flne>}ije’', F, 1 h an emptrinal 
poeillPloni related r>) fhe reneoflviry, R^, ot Hie parrlaUv f^ranparenf 
mirrors* For ideal, plane parallel mirrors! 
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iij^ and d,, .ire Hie index ol' refra’flon and Hiirkuess of Hie subsrrare nureri.il 
berween Hie mirrors, and is rhe angle of rhe Ughr paHi (ln.side rhe mib- 
srrare) relarive ro rhe normal direerlon* 

Marhemartoallv* for moderate or lame values of F. this eauarion des- 

«> *■ -%jr r % 

eribes a series of sharp, widely-spaced peaks. The peak wavelengrhs, a (k) , 
.'ire derermined by rhe condirion Hiar rhe slne-rerm should vanish: 

2n d cos d 

a^jCk) - - ^ , k - 1,2,3, (2.2c) 

If rhe equarion is expanded abour one of these points, a somewhat more 

useful approximate form can be obtained for rhe transmission coefficient: 
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is rhe full width of the transmission peak at. half-maximum. 

Using this notation, the spacing between successive peaks can be written 


as: 
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where la the axra.rnul angle af Inaidenac (i.t*., measured antalde fhe sub- 
lU-rare) and n^ Is Mie index of reiraarion af rhe subst-rare. 


For Mie design indiearcd in rhe first* figure* it* is ovidcnf rhaf aaah 
radial posifion in rhc dereefor plane aorrespondj lo a dlfCorenf angle through 
Mie filrer and Mierefore t-o a different" waveleia '!’ ot peak transmission. The 
maxinum angle is simply related to Mie t-number of the beam through the fil- 
ter, whieh, in absence of vignetting and diffraction, would be the same as the 
f-number of the objective lens, l.e.: 


'J (radians) •• U,5/f-number " i).5*f-ratio C2.2,i) 


uiven this radial dependence of wavelength the "imago" on the detector plane 
is expected to look like: 


Jl3Sl 



Figure 2, 2. a. Intensity pattern expected 
f-nurabers. The shaded portions represent 
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on deterr'or plane wif*h different* 
fhe .solar line absorpfion. 
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■w'iu*ri» it luKi ho»‘u .»8«uru*d that* t'lu* Fel absorption lin« at is being 

observed, Thi.s line has a total width of about 0.3A, whirh is just rovered 
at f/ )i>. At 1 /.IO, the range of waveiength coverage is increased to where the 
neighboring telluric lines can be seen. The outer one is to the red, and the 
inner one to the blue. The nature of tlie spectral dispersion produced by the 
Fabry Perot operating in this mode is such that an equal area of the detector 
is available for each fixed increment (e.g., U.lA) of wavelength. 

Not only does each point in the image correspond to a .specific wavelength 
of peak transmission, but by tf.s a,ime lay tracing argument, it originates from 
a specific point on the objective hens. That is, tlie rays forming the outer 
edge ot The detoci*or plane imago originate from the outer edge of the objec- 
tive, those ending in the center began in the center, and so on. It is as if, 
in other words, a suitably scaled image of the detector plane were marked on 
each element along the optical path (in particular, the objective lens, the 
fllte,r, and the polarizing mask). A consequence is that radial non-uniformi- 
ties or splotchlness in these elements cannot easily be distinguished from 
genuine spectral information. 

In order to maiiitain the equal area condition, a "properly" centered 
spectral line should appear with its absorption core 1//? of the way from 
center to edge of the detection field. Under such circumstances , the princi- 
pal transmitted wavelength at any point in the detector plane is given by; 
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where X^^ is the wavelength of the line core, r is the radial position (norma- 
lized to 1 at the edge of the field), and: 
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(c.f. equation 2.2i). 

This ideal configuration can be disrupted by drifts in filter temperature 
(which move the bandpass red-ward by approximately .03faA/®C due to the expan- 
sion of the substrate), and by errors in the mounting of the filtet: (if the 
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■ iu>5les are romparable ro fhose in rhe none of U>;hr)! 
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Figure 2.2h! Abemi cions expeeCed in che image plane for c.emperacure and moun- 
cing errors. The dashed lines represenC Che boundaries of Che deceocion aones 
(of. Figure 2.4a). The CemperaCure-assoriaced rhanges rould equally well be 
induced by line-of -sighc, velocicies. 


In Che absence of Che celluric lines as a reference, Che "CemperaCure coo 
high" case cannoc, incidenCally , be discinguished from a mocion of Che solar 
absorbing macerial away from che observer, nor Che "CemperaCure Coo low" case 
from a moCion Cowards che observer. 


2.3 Gorrec cions Needed for Large Sampling Aper Cures 

2.3.1 TelecenCric Correccor Lens 

If very large sampling areas are Co be used, addiCional pre- 
caucions have Co be incorporaCed inCo che design. These consist of che inCro- 
duccion of a CelecenCric corrector lens in front, of the field stop, and of an 
objective-imaging field lens between che filter and che decector. The firsc 
modification becomes necessary if the size of A1 is comparable Co che diameCer 
of 01; 
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I’lf^uro. .11.5.1: Fuu('t-ion of t-eleoenfrio ('•orceofoc lens (highlv exaj»Rerafed'' . 

The lens is plaeeii Immediafely before rhe field scop. Left- side ■ before 
I'orreet-ion. lUi.»hf side « afrer ('orreerion. 

The fc.leoenrrie eorreot-or is a lens whose foovil length is equal to its dis- 
tance from the objective lens. Without it, the cones of light forming the 
outer portions of the solar image (at prime focus) would have a slight syste- 
matic tilt relative to those forming the center. This tilt would be trans- 
lated into a wavelengtlv bias as the light passes through the Fabry Perot 
filter . 

If R is the radius of the objective (01), r the radius of the field stop 
(.11), and S. their separation (which is equal to the focal length of 01), then 
the basic half angle of the cones forming the image is: 

^rone " (radians) (2.3.1a) 

(which determines the maximum wavelength range accessible to the detector if 
the full cone is utilised). Since the central rays of all of the cones origi- 
nate at the center of 01, the maximum systematic tilt imposed by the finite 
size of A1 is: 


^tiit ” (radians) (2.3.1b) 

and wavelength bias is roughly: 
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Ln general, t-.his wili be found fo be very small. For example, for a 2” (5 om) 
f/35 objerrive one would have i - 175 cm, and a 10 arc sec (diamefer) field 
stop would have r “ .004 cm. This would give a aysfemafic bias of only about’ 

8 X 10~^ A at Xb302. 

Even if the wavelength bias were larger, it would not necessarily be 
serious. It means that at the detector, the line will not be equally well 
"centered" for all possible positions in the sampling aperture. For longitu- 
dinal f’eld measurements, this affects only the sensitivity (slightly) and not 
at all the zero. For Doppler measurements at a fixed solar position, it would 
mean that there would be a slight apparent blue shift as the size of the 
aperture xVl was increased. 


2.3.2 Lens to Reimage Objective 

The second modification, the lens to re-image the objective 
after the light passes through the filter becomes necessary if the size of the 
field stop i\l is to be comparable to tha. f the detector, D, which would be 
placed approximately at the focal point of this new lens: 


rp D 



Figure 2.3.2: Function of the objective re-imaging lens (highly 

exaggerated). The lens is placed between the filter and the detector. Upper 
= without correction. Lower = with correction. The views on the right show 
the intensity pattern falling on the detector. 


As indii'afetl , In Hu* absenne of t-lie field lens, fhe Fabry IVrof spei'cral rln^ 
parrerns Renerafed by cones origlnaflng ar different' poinfs wirhin Al would be 
misreglsfered on rhe det'ecror. For a felecenfric syst'em, 'his lareral mis- 
reglstraMon Is exacrly equal in magnirude ro rhe lareral dispersion in rheir 
sources ar Al. Thus, the maximum misregistration is equal to r, the radius of 
Al. The amount of misregistration which can be tolerated depends on the 
amount of spectral resolution which is to be achieved in the detector plane. 
For normal magnetic measurements, only a rather coarse segregation of wave- 
lengths is required, and it would certainly be more than sufficient if the 
various cones were registered to within, say, one-tenth of the detector radius 
(which is assumed to be equal to the radius of any one of the cones). If the 
distance from Al to D is J.' , then this radius will be R' S.' K/% ; and the 
condition r < O.IR' is therefore equivalent to H' > lOr i/R. For the 2" f/35 
objective with r ■ .004 cm, the auxilliary field lens would be unnecessary if 
i' >3 cm, that is, if R* > 0.4 mm. 

While these two additional lenses add a certain theoretical niceness to 
the design, they should be avoided if possible. Not only will their absence 
improve the optical transmission of the system, but it will minimize the 
possibility of dirt, optical imperfections, and secondary reflections inter- 
fering with the interpretation of the spectral patterns. 


2.4 Extraction of Magnetic and Temperature Signals 

The optical design described above provides a simple mechanism for dis- 
persing the incident sunlight into its constituent wavelength components. 

Given this dispersion, the presence of Jongitudinal solar magnetic fields can 
be detected by searching for a net circular polarization in the wings of a 
magnetically -sensitive solar absorption line. 

In most successful photoelectric designs of the past this has been ac- 
complished by using the combination of a modulated electro-optic crystal and 
fixed linear polaroid to act as a valve admitting alternately the two circular 
polarizations at a fixed wavelength or bandpass in one line wing. If a flick- 
ering Intensity is discovered, the presence of a field is inferred. The 
photon statistics, which dictate rhe time required to measure this modulation 
to a desired degree of accuracy can generally be improved by b. oadening the 
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bandpaas so as adraic a oonsiderabla pocrion of Hie line wing about* fhe point 
of maxirauni modulation. The light* level ran be further inrreased with no 
sarrifire in modulation by substituting a polarizing beam splitter for the 
single Polaroid, so that instead of disrarding half the light, the two wings 
ran be sampled simultaneously (the right-handed roraponent being passed in one 
wing and the left-handed roraponent in the other) and the results rombined with 
suitable phasing. In principle, although this has evidently not been tried in 
prurtire, it is also possible by means of a sufficiently complicated exit slit 
arrangement to photometrically combine the results from several lines (for 
earth-based observations, as pointed out by Livingston ( Aph. J. 153 , 919, 

19bd), such a scheme is limited by the differential refraction of the earth's 
atmosphere if high spatial resolution is being contemplated) . 

The Fabry Perot magnetograph deviates from this accepted design in that 
no modulating element is contemplated (although one could be incorporated, as 
indicated in section 4.8). Rather, the light originating at a specific point 
in the wing of the line is to be geometrically subdivided into two equal 
portions which are to be monitored by separate detectors, one for right-handed 
and the other for left-handed photons. Onoe the zero level has been deter- 
mined, additional imbalances between the two detectors which arise as the 
system is scanned across the sun will be interpreted as evidence for the 
presence of fields of the appropriate sign and strength. The avoidance of 
systematic, biases unrelated to the presence of fields obviously requires 
careful craftsmanship in the design and operation of instrument, the challenge 
being rather comparable to that involved in attempting to obtain acceptable 
magnetic cancellations by means of the "dual" exit slit spectroheliographic 
cancellation technique of Leighton and the Aerospace Corporation. 

Another important design consideration is that of keeping the bandpass of 
the Fabry Perot filter properly centered on the wing of the line, so that 
adequate sensitivity and a stable calibration can be maintained. At present, 
it is felt that in order to achieve this objective it will be necessary to be 
able to monitor the position of the line core in real time, which means that 
the detector will have to have both wings of the line accessible to it (by use 
of suitably small f-number). This "small" f-number (small meaning a 
divergent/convergent beam) is not particularly desirable for magnetic measure- 
ments, for recalling that the detector plane geometry is effectively painted 
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on t*ha objorfive lens a smaller and smaller port’lon of fhe infident' sunlight* 
ts being used for f*he magnerie measurement* as t*he range of wavelength coverage 
is increased. However, if it* is dicrated by t*he requirements of temperature 
control, then it is certainly desireable to make the best of a bad situation 
by performing the magnetic sampJ.ing in such a way that both wings of the line 
can be used, rather than Ignoring one wing completely. The simplest 
magnetic/ temperature sampling scheme involves four detector elements, and can 
be indicated schematically as follows: 


(a) lb) Qu^rV^V^awePta** (c) Eslsttiwny JlasK W) 



Figure 2.4a: A simple 4 sector scheme for sampling the magnetic and tempera- 

ture (velocity) signals. The polaroid configuration shown here is later 
referred to as "Mask I". 


The incident intensity pattern, centered on a spectral line, is passed first 
through a fixed quarter wave plate, and then through a polaroid mask consis- 
ting of two orthogonal linear polaroids whose axes are at 45° to those of the 
quarter wave plate. One orientation of polaroid will pass right-hand circular 
photons, while the other will pass left-hand circular. Detector segments 
I(RHC) and II(LHC) are in the blue wing of the line, while III(RHC) and 
IV(LHC) are in the red wing. The magnetic signal is obtained by combining the 
polarization differences from the two wings (which can be thought of as inde- 
pendent samples, and should be of equal magnitude, but opposite in sign). The 
temperature signal is obtained by comparing the total intensities collected in 
the two wings . 
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These two signals are ronsfrut^fed in such a way a$ t*o be independent both of 
each other and of the overall intensity level. The division by 1^.^^ is neces- 
sary to maintain the normalization (i.e., the '^sensitivity*') of the signals in 
the presence of varying light levels. The signals are coupled In the sense 
that the sensitivity of the magnetic signal will fall off if the temperature 
(or velocity) is such that the filter is very far off line center (cf. Section 
4.4). 

Note that a small part of the light around the core of the line is indi- 
cated as not being sampled by the detectors. This is intentional^ because, as 
will become evident later, to include this weakly modulated light would sligh- 
tly degrade the signal to noise. This exclusion can be accomplished either at 
the detector, or by including a suitable occulting ring in the polarization 
analyzing mask. 

A slightly more complicated polarizing mask could also be used: 



Figure 2.4b: **>lask II'*, an alternative polaroid configuration. 

In this case, the magnetic signal would be derived from (I^ - ^II^ ^ 
dm - Ixv^* motivation for considering this more complicated mask is 

explained in the following figure, where, the expected intensity patterns are 
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shown (in exaggotafed form) for (on rhe loff) a s-'hiafion in whfoh fhe Rlh'. 
absorpdon profile is shlfred ro rhe blue and rhe LHC profile ro rhe red, and 
(on rhe. rtghf) for one in whieh t-he magnefie .hifrs are in fhe opposite dlree- 
f^ion. is evidenr rhar If t*he simpler mask (I) is used, fhe expended par- 
ferns are similar fo fhose whieh could be produced if fhe filfer were acciden- 
fally filfed. More imporfanfly, M^isk II converfs flie magnefic blinking from 
an annular to a left-right pattern which permits a very simple two detector 
sensing system to be used (see Section 5.1). 

Moskj; 


Mosk g 


Figure 2,4c: pat^terns expected on the detector for a Zeeman-split 

line. Positive field (left), negative field (right). 

Although it has been suggested that the dissection of the detector image 
into the required sectors will be accomplished by sorting the readout from a 
higher-resolution CID-type image plane readout, this is not an essential 
feature of the scheme. Indeed, if the number of sectors is kept small, one 
could imagine feeding the appropriate Light, by means of prisms, to physically 
separate devices (for example photodiodes or photomultiplier tubes - see 
Section. 4.2, and the specific designs in Section 5). 

Under some circums tances , more detailed spectral information, that is, 
the ability to dissect the 'image'* into finer wavelength rings, may be de- 
slreable. For example, if observations ara made at high spatial resolution, 
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tlife variviMou of polariaafion wit-h wavelength in spenrral line wings parries 
iinporranr informarion as ro rhe nature of rhe fine scale fields. In parricu- 
lar, rhe polar of maximum modular ion is an Indlcarion of rhe rrue field 
srrengrh (If ir is grearer rhan abour lOOU gauss )| and rhe magniraUe of r'le 
signal is an indlrnrlon of rhe amounr of line weakening. I’nder rhe presenr 
cimirnsrances, however, rhis would nor seem ro be a very vserious i onsldera- 
rion. Nor only is rhe 2" aperrure tnsrrumenr Inappropriare for high- 
resolu. ion observarions, bur rhe field srop required for 1 arc second resoiu- 
rlon would be objecrlonably small. Wirh a dlamerer of only 0.8 microns, rhe 
field srop would begin ro become rhe elemcnr derermlning (by dlffracrion) rhe 
angle of rhe cone passing rhrough rho filrer. While rhis parricular problem 
could be gorren around by adding extra lenses, rhe light level passed by rhe 
small aperture vrould be insufficient to permit the measureraents to be made in 
a reasonable rime compared to the lifetime of the magnetic elements. 

If the spectral information is not to be used for such purposes, there is 
no persuasive reason to divide the basic sectors into finer wavelength rings. 
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' ’ * tu Kxpecfad SlA»dl and Idt‘.il It^^t■R^^.l^^l^)n Tines 

The praefiral feasibiltfy of .my solar magnefOKtaplv Je8i>?n liln^eK pri- 
marily on rwo faerors: Mie expee^ed lij^hc level .uui fhe sfrenKfli •)! t-he 

-.‘xpet'fed magnef’i" h'l>;nal. In general, fhe la^^er aau he prediefed only if one 
las ,i fairly aeeurat’o plerure of ("he irue solar fields, and of che behavior of 
rho m.ignerioally sensirive line ro be used. In reeenr years, ("he tiif f leulry 
i>f naklng suo'i prodtedons has beeome Inereasingly app.irenf, rhe primary 
eomplleaciona being (a) rlmr wirh flnire resolufion rhe field eannoc be 
regarded as being homogeneous, but* rarher is .some nor-very-well decermined 
.•onpu.sife of small (po.sslbly unresolved) areas of .srrong field, inrer.Si'er.sed 
wich mueh larger porrions of undlscir-bed phofosphere; and (b) rhar In rUe 
areas of srrong field rhe line profile may be quire dlfferenr from rhar 
normally measured in undlsrurbed areas (due, presumably ro dif ferenee.s in 
remperarure, ioni/.arion balanee and mass morions). 

1 . 1 Appeoximare Derermlnarion of rhe Phvsieal Condi rlons Corresponding r.o 
rhe Lower Mounr Wilson Conrours 
3.1.1 True vs. Apparenr Srrengrh of Weak Fields 

Ir is generally appreeiared rhat when rhe Mount Wilson magne- 
rograph regisrers "5 gauss" or any orher field srrengrh, whar is aerually 
being registered is an average over ir.s sampling aperture (rurrenrly abour 
12.0 are see). If rhe line profile is a funerion of rhe field srrengrh, rhe 
weighring funetlon in rhe average ean be eoraplieated. 

In rhe simplesr models, ir is assumed rhar wliar is presenr is a mixrure 
of an area wirh noro field, and an area with some moderate or large fixed 
field strength, .uui that rhe appearance of a spectrum of field strengths is 
created by a variation in the fracrlon of area occupied by that fixed strength 
field from point to point. In other words, the total intensity of liglit in 
the aperture can he represented as 

» U-f).i^(\) + f'l^U, a^) (3.1.1) 

where I,.,^X) is the normal line profile in the undisturbed photosphere, 

I^(\, i.s file m.igaeri.-ally disturbed line profile characteristic of a 

spatially r. -Ived .irea with the true field strength and f is the "fill 
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riif'-ir’’, rluir Ih, flit' tr.u riiin o{ ofi‘upit*d bv H'*» *ii‘U ' 

i»n’ lunxUisfiinal i-’liUtirf rheri* are ^w•l maKnen*’ pr*)MU*8, am* i jr Hie 
li.uitl ••iriMjlar, ana one ror rlie lefi-hanil ilri’ular ‘•ompunenf , whli-h ar** shU*'e«i 
-/ppofjHely in wavelenKf’- Hfoia the undirtCnrhed posUlonU 


lutoraaMnn fo Hie nia>;nerif prt)Hle« noJ* wi in a deiinirive 
sfate. for nioBf phofosplierle lines Hie magnefie proltle i*an lie issiimed fo !'e 
filiaUower Hum fhe nndisfurbed ones (exeepf in sunspot's, where Hie llneM 
tleepen) as evideneed by ihe filer rhar rhe nerwork point’s rend ro he hrigUfer 
riiun riieir surroundings ar mosr posirions in Hie lines (e»g., Sheelee, Solar 
I'h”s., 171, l^h'7); Sehoolman and Itamsev, Solar i’hys., dS, I’ido), T>\ 

.icriuiUy esrabllsli rhe prolile Cl, »^) appearing in Hie iireoeeding e-piaHon 
by direer observarion ir would be neeessary ro obrain a rraeing In .1 single 
eireular polariimrion of rhe profile for an area tm rhe solar sort are whi>'h Is 
sp.arially resolved and uniformly oeeupied by a purely iongirudinal field. <\r 
presenr, tr is nor. even known if suoh an observarlon is even rheorerifally 
po“ s ible . 


3.1.d Normal and Disrurbed Profiles of .\5dS0 

The bear indireer observarional evidence regarding rhe magne- 
rically disrurbed profile of a single Ueeman componenr of rhe \5250 line 
(w'lich is used by Hie Itounr Wilson magnerograph) is supposedly Miar obralned 
by Harvey and Livlngsron (Solar Phys., 10, 283, 1969; Figure 3b), who srudied 
Hie variarion in sensirivity of a magnerograph using rhir, line as a funcrion 
of rhe exir slir posirion in rhe line wing. They inferred a moderare 
broadening of Hie line profile in rhe magneric elemenrs, and a very grear loss 
in central deprh. In fact, they indjcare rhar in Hie core of Hie line, rhe 
magneric elemenrs would be rhree or more rimes as brighr as rheir surroundings 
(as a rv'’ulr. of line weakening and Zeeman splirring). This does nor. appear ro 
be enrirel^ consiscent with ocher observations, and it seems possible that in 
rheir analysis rhey may have confused rhe effects of saturation with those of 
line weakening. A re-evaluation of their sensitivity curve in terms of an 
Inherently strong field miglit lead to a much more modest estimate of change in 
the line profile. 


Additional information on the profile of a single Zeeman component of 
5250 is provided by Srenflo (Solar Phys., 42, 79, 1975). He shows a much more 
moderate loss in central inrensity (70-100" brightening in the line core), but 
rhe origin of his profiles is unclear. 
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Vs r>t 'it riu* pruillt* In ,s[uri,iUy r»'.sulvfHl 

'Mllv 'U«iurht'd rt*>?l*>n.s, only rB«nlfii ^o Uavo hotni iiunllb'hed CH.irvBv .md 
I9d'> Fl)?ure d, and illmpman and ,Slit>Bk'y, Solar Phys.i jk, nl, l')7*, 
r'ly,ure d) appear ro have been made wirhoiif polarl.Ung o,,rtos, vjhloli sevoreiv 
Umlrs fhelr usefulness. N'onefheless, fhese fwo results, one obralned phoro- 
•‘leerrleally and t*he oMier phot'CHraphioallv, are In very yood agreement-. Fir 
sfronj; non-sunspof vaj^nefie fields they show rhe unpoiatlzed SdSd profile 
broadening from 70 ro liiD nul KWHM (ilarvey and Livings fon) or 8b to l‘)‘' nV FL'HM 
tohapman and Sheeley). Borh show t-he undlst'urbed intut-ral Infenslt-y as being 
dfiL ol the eontinuum. In the magnetie gap It rises to dbg (lUrvey and 
J.lviagsfim) or 07d uhuipman and Hheeley). If one assumes that the Inrrlnsle 
wldtn Of the line profile is the same in the magnetie and non-magnetlc> 
regions, tlien in both eases the broadening eould be explained by a longitu- 
dinal magnetir field of about bOU gauss. Under sueh an Interpretation the 
true loss in eentral intensity is less than it appears in the unpolarleed 
profile, sinea part, of the loss is due to the P.eoman splitting. The true 
eentral intensity for the individual Xeeman eomponents would need to be 32;. of 
eontinuura(for Harvey and Livingston) or (for Chapman and Sheeley). This 

amounts to an increase in central brightness of 23?« in the former case and 
48"l in the latter (as compared to the undisturbed profiles of the same compo- 
nents). 

The published profiles of 5250 are all of a nearly "Gaussian" form! 
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(3.1.2) 


In this notation, the results for the various disturbed and undisturbed line 
profiles can be summarized as follows i 
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have been guessed from the unpolarised 
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Klrr ’>i*ak PreUm. Aflas 
Sac Peal' Adas 

L.H Harvey and TAvingsfon CKlg. 

Sfenflo (P'ig, ';) 

-.1) Chapman and Sheeley (Pig. d) 

1. H Harvey ind Llvlugarmi (!'lg, dJ 

2.2 Harvey and Livings ron (Klg, )»)* 

2. a Sfenflo (Figure '5) 

2.0 Chapman and Shoeley (Fig, 2.) 

1.8 Harvey and Uvingsfon (Fig. 2) 

he magneriraliy disrurbed paramerers 
profiles as explained above. 


The rwo profiles derived from rhe figures of Harvey and Livlngsron (cases "a" 
and "d"), seem ro represent- the ext-remes of reasonable rhoughr regarding rhe 
possible ext-ent* ot line weakening in 5250. 

3.1.3 Esrlmace of rhe Signal SfreiigCh Required t-p Fvegisrer '*5 Gauss" 
Given rheso profiles, it- is a fairly straighrforward roarrer fo calculat-e 
rhe ancicipared response of rlie Mt. Wilson magnerograph. According ro Howard 
and Srenflo (.Solar Phys., 22 , 402, 1972), rhe magnerograph operares ar \525ti 
in rhe fashion indicared .schematically in the following figure: 
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A 5250 



FigiP.re 3.1.3: Sampling of. raagnetir.ally-splir, line by tne Mounf Wilson mag- 

nt'i:ograph. The profiles shown are for a pure longitudinal field of 500 gauss 
with no line weakening. The difference signal is measured as Che exit spec- 
trum is modulated between the two circular polarisations. 


that is, all of the light falling between 9 and 84 mA of the nominal line core 
is sampled sequentially in the right and left hand c,irr ’k'U pularizations 
(actually, the two wings of the line are sampled independently, and the re- 
sults combined to improve statistics). The signal is defined as: 


S 

mag 


(I 


rhc 


■ ^Ihc.^'^^^rhc 


^Ihc^ 


(3.1.3) 


and converted into an equivalent field strength by comparison with a nominal 
calibration. The calibration, which is derived empirically, is the signal 
expected if the undisturbed profile is artificially displaced by an amount 
corresponding to the specified field strength. For a 5-gauss field (which 
shifts the line by ± .193 mA), using the various "normal" profiles given in 

the fii’st part of Table II, calibration signals of (2.2 - 2.7) x 10”^ are 

—3 

anticipated. The average is 2.5 x 10 . It is not known if this is the 

actual empirical signal strength used as "5 gauss’* at Mount Wilson, but it is 
probably close. 


3 . 1 • 4 Comblnat:lonB of Tteld Sr^e^g^■h and Fill Factor Ptodurlng a 
5 Gausfi Signal 

If nhe r.rue intrinsic field s^trengr^h, is anyt^hing grea^*er 
r^haa abou^-, 15 gauss ir should be possible to find a ’’fill far nor”, f, whirls 
will reproduce exarnly fhe nominal five-gauss signal. If we define as 

rhe "rrtie average'* field stengrh in t*,he aperhare, rhen the following result* is 
obtained : 



Figure 3.1.4: True average field strength < B > required to produce a signal 
of 5 gauss in the Mount Wilson magnetograph as a function of the intrinsic 
strength of the unresolved magnetic elements. The letters refer to the dif- 
ferent possible assumptions about the shape of the magnetic and non-magnetic 
line profiles given in Table 3.1.2. 

In all cases, the real average field strength has to be greater than 5 gauss 
to compensate for the line weakening. If the true field strength is very 
high, the average must be even higher to compensate for "saturation" as well - 
that is, the point of maximum signal is shifted out of the bandpass. The 
Harvey and Livingston result of case (a) seems to be far out of line with the 
other three, but it should be remembered that this is the one which most 
nearly purports to be a "direct" measurement of the magnetically disturbed 
profile (cf. § 3.1.2). 
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Of* POO'J 

The figure suggesf.s rhai* average field sfreugrlis of o-io gauss ar'> are 
likely t*o be enoounrered in rhe kind of fearuces whioh produce "5-gauss" 
I'onfours on rhe [tounr. Wilson magnefograms . The true field strength is not 
very well known, but it is probably around lUOU gauss. Very much smaller 
strengths can be ruled out by a comparison of the measured flux (which is a 
lower limit on the true flux), with the observed size of the features (which 
is an upper limit on the true size). Very much larger strengths can be ruled 
out by the absence of any obvious resolvable splitting in the high resolution 
unpolarized spectra. 



3.1.5 Confirmation of Intrinsic Field Strength from Choice of Mount 
Wilson Exit Slit Positions 

The idea that the intrinsic, field strengths are less than or 
on the order of 1000 gauss also gains some support from the choice of exit i 

slit positions which have been found historically to produce the best magneto- ! 

grams in the least time. As pointed out above, as the field strength in- ] 

creases, the point of maximum modulation moves out in the wings, and the I 

optimum integration time for a fixed signal to noise is obtained by using a | 

bandpass "centered" on this peak signal, but incorporating a wide enough range 
to include all the useable light around it. (What is meant by "useable" is 
difficult to define in general, but it is easily determined in practice by 

moving the limits until the minimum integration time is found ). The choice of | 

optimum bandpass is, incidentally, very little affected by assumptions regard- | 

ing fill factor. 1 



Figure 3.1.5a: Variation of point of maximum signal and optimum bandpass for 

different inherent strengths of the magnetic elements. The optimum bandpass 
is defined as that permitting the magnetic measurement to be made with fixed 
signal to noise in the minimum time. A small fill factor is assumed. 
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In the following figure, the integration time required to bring out the 
5-gauss ronrour with a fixed signal to noise ratio using the Mount Wilson 
magnetographs 9-84 mA bandpass is rompared with that which would be required 
if the optimum bandpass were used. 



Figure 3.1.5b: Ratio of Mount Wilson integration time to that possible with 

optimum bandpass for various true field strengths and the two extreme assump- 
tions regarding line profile changes. A small fill factor is assumed. 

It is clear that regardless of the assumptions about line profile behavior, 
the magnetograph would be operating in a very inefficient mode if the true 
field strength responsible for the weak fields were much over 2000 gauss. A 
similar argument can be made for the Kitt Peak magnetograph, which, in its 40- 
rhannel form (Livingston, Ap. J. » 153, 929, 1968) used a bandpass 40-70 mA in 
the 5250 wings. The motivation for this choice, which is never optimum, is 
unclear (probably an effort to obtain a "linear” response), but once again 
even greater inefficiency would be present if the true fields were over about 
2 kilogauss. 


0 0 



3.2 Adopniou of a vSt*andard Weak Field Condlt^tog 

Based on the results of the preceding vsection, the following combinations 
of inherent field strength and fill factor have been found to be consistent 
with tl\e registration of a 5-gauf5S signal by the Mount Wilson magnetograph 
under the two extreme assumptions regarding the variation of the 5250 profile 
from magnetic to non-magnetic elements (cases a & d of Table 3.1.2)j 


Table 3.2: Combinations of Field Strength and Fill Factor which Could Exist 

at the Mt. Wilson 5 Gauss Contour. 


True Field (Gauss) Fill Factor (a) Fill Factor (d) 


100 

1.D8E-1 

5.64E-2 

500 

3.44E-2 

1.21E-2 

1000 

2.01E-2 

7.56E-3 

1500 

1.78E-2 

7.19E-3 

2000 

2.00E-2 

9.06E-3 

2500 

2.73E-2 

1.51E-2 


These factors should be^ useful in predicting the signal strengths for compact 
magnetograph filter combinations using various lines since they are based on 
actual observations of the sun by an instrument with a comparable sampling 
aperture and represent roughly the weakest field strength which we wish to 
measure. The numbers given ate estimates of the true area occupied by mag- 
netic field. For any specific line,% the expected magnetic signal will be 
additionally attenuated by the weakening of the line profile. For 5250, this 
effect should be self-correcting; that is, the stated fill factors combined 
with the profile changes of cases (a) and (d), as appropriate, should repro- 
duce the observed signals very closely (even if the assumed profile changes 
are not quite correct) (see end of Sec. 3,5.5). For other lineSj, the results 
will be uncertain to the extent that the line weakenings are not well known. 

In general, the effect of line weakening (which reduces the wing slope) 
is very similar to that of assuming a sraaller-than-true fill factor. If there 
is no change in width, the effective fill factor is reduced in proportion to 
the loss in central depth of the line. 
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may also be nofed fhaf £oc almost- any magnefograph design, If fhe fill 
fart-or is very small, t*he predimed signal will be propoct-ional to it, al- 
though the constant of proportionality depends on the intrinsin field 
strength, and the design parameters. Also, with a small fill fantor, the bulk 
of the light pomes from the undisturbed profile, and is therefore nearly 
independent of the fill fartor, so that the integration time required to 
achieve a specific signal to noise level should be inversely proportional to 
the square of the signal. 

Alrhough, the intrinsic strength of the solar network elements (If 
single-valued) and the weakening or the 525U profile in tliem are neither very 
well established at present, to continue to treat these as free variables 
makes unwieldy the number of possible combinations which need to be considered 
in comparing various raagnetograph designs. From the preceding section, it is 
clear that much of the network field is probably in Che range 500-1500 
gauss. We therefore adopt as a standard weak field condition, a situation in 
which spatially unresolved magnetic elements of intrinsic strength 1000 gauss 
occupy .OlA of the available area . According to Table 3.2, such a combination 
(with a true average field strength of 14 gauss) should correspond fairly 
closely to the 5-gauss nominal level of the tount Wilson magnetograms. 

In comparing various raagnetograph designs, the choice of the fill factor 
is not terribly important, since the design which is optimum for one small 
fill factor should also be optimum for any other small fill factor. On the 
other hand, a design which provides the optimum integration time for an as- 
sumed field strength of 1000 gauss will not necessarily be the best if the 
actual strength if 500 or 1500 (primarily because the bandpass apropriate to 
one field strength will not be appropriate to the other). The most serious 
design errors would arise if the true strength is much greater than about 1500 
gauss in which the case the point of maximum modulation begins to move signi- 
ficantly out in the wings, making it desirable to reject light near the core, 
and accept light farther out (cf. Figure 3.1.3). Observationally , this does 
not seem very likely. Additional desJ.gn errors can occur if the behavior of 
the line chosen is very different than expected in the magnetic elements. 


3 . 3 Posalble Linas foe* Use wlfh fhe Compart Mat^nerogniph 

The most recent listing of good Zeeman triplets is that of Hn.rvev ( Solar 
Phys. 28, 9> 1973). Because the displacement of each of the circularly pola- 
ri 2 ed components from the nominal line center (in *\ngstroms) is given by 

.U * 4.07 X 10"^^ g » (3.3a) 

with \ in Angstroms and B in gauss, and since the turbulent width only in- 
creased in proportion to \, the preference tends to be for lines towards the 
red end of the spectrum. The following figure illustrates some of the lines 
which have been frequently used or suggested. The profiles, which represent 
the intensity of an undisturbed region at disk center, are taken from tlie Kitt 
Peak Preliminary Photometric Atlas (Brault and Testerman, 1972 microfilm). 

They are not corrected for the instrumental width of the spectrograph which is 
on the order of 10 mA. The lines all show a slight asymmetry, with the red 
side (presumably formed by cool descending material) being slightly steeper 
than the blue (formed by relatively hot rising material). 

By replotting the curves on graph paper it was determined that (within 
the uncertainty imposed by the asymmetry) each could be fit by a simple ex- 
pression of the form: 


KX) 


r, . 1 

1 M 

1 1 + 

2(X-X^) 

"1 

FWHM 


(3.3b) 


where I^is the continuum intensity and X^ is the central wavelength. The 
coefficients required to fit the indicated lines were: 
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-4- Note the change 
of scale 


Figure 3.3,1: Profiles of selected magnetically-sensitive lines from the Kitt 

Peak Photometric Atlas. 





Table 3,3; Undisturbed Profiles of tJagnetirally Sensitive Lines 


XqCA) 

^^0 

I’wim 

n 

^0 

T 

'■afm 

5250.218 

0.73 

82 mA 

, 3.0 

3.86 E3 

0.81 

5324.198 

.86 

'’56 mA 

1.9 

3.77 E3 

.81 

6102.72 

.78 

152 mA 

2.6 

3.16 E3 

. 84 

6302.58 

.65 

110 mA 

2.5 

3.03 E3 

.86 

8648.418 

.62 

184 mA 

2.8 

1.78 Ej 

.95 


The unpolarized disk-renter continuum intensities (outside the earth's atmos- 

r) 

phere), which are in ergs/sr“cm^*-mA-sec, are from Allen Asrrophysical 
Quantinies e They can be converted into photons/second by observing that one 
photon * 1.99 X 10“®/X ergs if X is Angstroms. is the transmission 

coefficient at the stated wavelength for a light path through 1 atmosphere of 
“clear** air. The actual transmission is probably quite a bit lower. 

3.4 Detailed Calculation of the Magnetic Signal and Integration Time for 
a Perfect Detector . 

Given the fill factors of Sec. 3.2^ the line profiles of Sec. 3.3^ 
the Fabry Perot filter transmission properties of Section 2.2, and some as- 
sumption about the behavior of the line profile in the magnetic regions, it is 
a relatively straightforward matter to calculate the expected light levels in 
the two circular polarizations for a compact magnetograph conf igurat At 
each angle in the detector plane, the filter profile (which is everywhere 
essentially the same, but shifted in wavelength) has to be multiplied by the 
incident solar intensity, and these answers added up over the range of angles 
which are to be used. 


3.4.1 Calculation of the Signal for a Specific Filter Combination 
and Detector Plane Geometry 

It can be shown that the number dN of photons available per second 
in a narrow range of width dX in the Fabry Perot ring plane is given by: 


dN 
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(3.4.1a) 
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where 

I) 


■Tat-n. 

'^opfc 

and AX 


I'onfinuum Intensity (erg8-8c"’^-rm~““mA“^sei'"'^ j Table 3.3) 
area of sampling aperture (in square arr seennds) 
diameter of objective (cm), half of the area of which is used 
for collecting each circular polarization 
wavelength (A) 

transmission coefficient of atmosphere 

transmission coefficient of the optical r;jmponents, including 
the filters (at their peak) 

total wavelength range covered by the objective. 


The values used are indicated in Section 3. A. 3. The factor f is a normalized 
convolution of the filter and spectral profiles' 
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(X) (X,r) dX 
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cont 


(3.4.1b) 


where Tp^j^ (X,r) is the transmission profile of the filter combination at the 
radial position r ia the detector plane (cf. eqns. 2. 2d and 2.2j) and (X) 

is the intensity profile of the spectral line in the area sampled, which 
depends on the field strength and fill factor in the manner Indicated in 
equation 3.1.1 and has roughly the shape given in equation 3.3b. Note that 
the maximum value of or lihc'^^cont * 0*^ iti the extreme wings of 

the line since includes both circular polarizations. The factor f is 

dimensional, and has units of A. It varies with position in the defector 
plane, because the line profile is constant, but the filter profile shifts. 

Now if the accessible range of wavelength in the detector plane is X^ to 
Xq~AX angstroms, the actual measurement of magnetic signal will be based on 
the comparison of right- and left-handed counts detected in some finite range, 
say from X 2 ^ to X 2 (where it understood that these fall within the accessible 
range). The total rates accepted by the detector will then be: 
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wht'Cw* 


m 




(r) dr 


{, ) ,4, hi) 


,,rlu' 

'■'ihi' 


T, and v\ are. rhe radial posirions in Hk* dereoror plane rorreBpoudln^ fo t-he 
Umiflnii wavalenK»''as and Ac Is Hie foial raiiKe in Hie same unirs. Mxaet-ly Hie 
same cafe would be obrained If (as is more likely Hie rase) Hie ran>;e of 
roverage exbends from \q + a\ f’o - AX. This is because in Hie lacrer rase 
one would be able ro sample rwo wavelengHi ranges placed symmefrically in Hie 
wings. Thar is, Hie same rare is obrained sampling -4U ro -50 mA wiHi a rural 
coverage of U ro -90 inA as rliar obrained sampling s-.+o ro +5'' mA plus -ho ro 
-50 mA wirh a rural coverage of +9o ro -9o mA. 

As wirh rhe ilounr Wilson magnerograph, rhe magneric signal, S, is expres- 
sed as a modularlon facror, and defined as: 


(R , + R ) 

rhe Ihc 


(3.4.1e) 


Irs magnirude depends, obviously, nor only on the filrer/line rombinarion, bur 
also on rhe limiring wavelengHis which are selecred, and on the magnetic 
field, which determines the amount of difference between and 

I-j^hc(A). It does not depend on the overall normalization on factors. 


3.4.2 Conversion of Signal Strength and Light Level into an 
Integration Time 

Normally, the rates of collection of right-handed and left- 
handed photons will be very nearly equal: 


rhe 


a R 


Ihc 


(3.4.2a) 


and also essentially equal to the rates which would be observed in a magneti- 
cally undisturbed region (since the fill factor is low). Due to photon coun- 
ting statistics, it is evident that even in absence or any real difference 
between R^j^^ and there will still be an observed signal. The rms value 

of this null (noise) signal is: 
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whore T flitJ sainpXinp ‘’line (in set'oiuis). The errors irotn neasuremenr fo 
me.isnromenf will be ibured nornally> rhaf is, wo oxpeor e,rri>rs oi various 

Riagnirudes wifh rhe following ftoquonoies : 


T.ible 3.S.2: Probability of Rxreeding Variuos Multiples of tiio rms orror. 


Magnitude of 
Fvrror 

s ,SS 

s 2 5S 

< 3 dS 

s' 4 iSS 

s 5 5S 


Prequonoy 
1 in 3.15 
I in 22. U 
I in 37i) 

1 in 15,8U0 
1 in 1,74(J,000 


In making a Mount Wilson-like raster scan of the full sun with a 12. fa am 
second aperture, there are approximately 18,200 Independent measurements 
Involved, and the "threshold" field is generally taken as the lowest level 
which can be plotted with a negligible probability of erroneous contours. 

From Table 3.4.2 it is apparent that this would be about 4 times the rms noise 
level. That is, to be "useable" we have to require that the signal be detect- 
able with a signal to noise of 4 or better: 

(3.4.2.) 

In principle (for an ideal detector) this condition can be satisfied for any 
signal strength, S, simply by extending sufficiently the integration time: 

T > 8/(R *S~, ) (3. 4. 2d) 

0 min 


30 


<1* 


III pr-ioHoe, of oourne, fhe t'lireahold ran only be reduoed ^o rlie polnf .l^ 
wUlt'h fhe sysreraaflo errors begin ro show. 

3 . . 3 Opf.lral Paramefers Used in rhe Calrularion» 

In rhe following raloulafions , rhe esrimares of experfed 
signal srrengrhs and lighr levels are based on Mie following assumpt-ions ; 

D * 5.08 pm (2 inohes) 

L “10 arr seronds 

Topr • 

The solar line profiles and aPmospherir transmission taUen from Table 
3.3, and the Fabry Perot filter profiles are based on the parameters in Table 
3.3, (the overall profile being taken as the product of the two treated sepa- 
rately, and the peak transmission being incorporated in The estimate 

i)f Tgpj. is based on 45°i transmission for the blocking filters, 70" for each of 
the two Fabry Perots and 90% for the analysing polaroid in the "accepted" 
direction. 

The integration times so-calculated are then, in some sense "ultimate" 
values. In reality the atmospheric (and probably the optical) transmission 
coefficients will be less than assumed. Also, the detector will have a less 
than perfect quantum efficiency and inject additional non-statistical noise. 

To compensate for these "errors", the calculated integration times will need 
to be increased, possibly by a large amount (see Section 4.2). 

3 . 5 Optimization of the Magnetic Signal 
3.5.1 Available Filters 

Two different sets of Fabry Perot filters are under consideration for use 
in the compact magnetograph. Their characteristics are described in the 
following table: 
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r.ibli* Po«filbl.‘ Filr^rs fur la Mu* 'Unn^r txiMi'H 



duostrate 

Suhstrate 



Thickness (d^) 

InucH (n^) 

I'i:iesse 

Kxisting set: 

l.t) mm 

1,h5 

** n 


0.1 mm 

l,'V) 

2ts 

Uoya filters: 

.03i) inch 

1.5 

2*) fnot yet made* 


,020 inch 

1.5 

^ 2M (not yst made) 


Thu sp.u’itu’ of the transmission peaks is sueh thnr eiMier ,s»ir emila he ustui 
wlrli a uquuru H (i.e*, ± t A) bloeker at* 





(b) Ho ^ Tilfara t 



Figure 3.5.1: Bandpass pat*r.erns of fhe Cwo filcer sets. The dashed portions 

would be rejected by the blocking filters. 


In the case of the Iloya filters, at least, the two components would be physi- 
cally contacted so that the two sharp, spectrally matched central peaks could 
remain matched as the temperature is varied. If the contacting is performed 
in such a way that the two elements interact coherently (which probably means 
that the surfaces have to be accurately parallel) then the combination will 
act as a two cavity etaion. This gives a slightly different transmission 
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’)ri)£iU‘ t*han might' ht» expeofud from rhe product* of rhe cwo filrers rrtiut*ed 
lndept?ndenfly . in. parriovilac, it*, is expeoned r.hai* rhe rransmlsslon would be 
tUighrly Lower in far wings, some of rhe missing lighr. showing up in a 
slighrly .squarer nenrral peak. As indicarad above, r.his would rend ro improve 
irs usefulness in rhe magiierograph, bur. since rhe exacr, profile was nor cal- 
cul.ar.ed, rhe rwo elemenrs were r.rear.ed independently. 

3 . .5 . 2 Optiiiiizarion of rhe f-number 

The considerarions involved in securing rhe optimum magnetic performance 
(minimum integration rime) are similar to those discussed in connection with 
the performance of r.he ^iounr Wilson magner.ograph (Section 3.1.5), but rhe 
number of free parameters is somewhat larger. As with a spectrograph, in 
order to obtain the optimum magnetic, signal, some care must be exercised in 
the choice of both the width and shape of the filter profile and in selecting 
the range of the output to be sampled. A very broad filter will obviously 
produce a poor signal, since the effective line profile will be washed out and 
incapable of significant modulation. On the other hand, if the width is 
reduced too much, the modulation will not Increase after a point, but the 
light level will go down, causing an increase in the integration time required 
to measure the signal. Similarly, if the filter has too broad of wings, the 
introduction of the extra, umodulnted stray light, will both decrease the 
signal and increase the noise level, again leading to longer integration 
times . 

The range of transmitted wavelengths available to the detectors is deter- 
minea, in the case of the compact magnetograph, by the f-ratio of the beam 
through the filter. Ideally, one would want to use a very large f-nuraber 
(i.e., nearly collimated light), and tune the filter so that the filter's 
transmission peak for light falling anywhere in the detector plane (and equi- 
valently for light originating anywhere on the objective) corresponds to the 
optimum point of modulation in the wing of the spectral line. Unfortunately, 
it is felt that active temperature control will be needed to hold the filter 
within tolerances, and therefore, a smaller f-number (i.e. a divergent or 
convergent) beam has to be used, so that a wide enough range of transmitted 
wavelengths will be present at the detector plane to permit the core of the 
line to be located. As indicated earlier, this would be done in such a way 
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fhaf fhe flifer wovild transmif: fhe oore of Mie line at* a point* 0.7U7... of f*he 
way from renfer t*o edge, which would make light*, falling at* t*he center and 
out*er edge of t*he detenor plane correspond to points symmetrically spaced in 
the red and blue wings (respectively). The total wavelength range from the 
center to the edge of the detector plane is given by: 


AX 


tot 


8(n 

s 


( 3 . 5 . 2 ) 


How large should this wavelength range be? If it is too small, the only part 
of tile Line accessible to examination will be that near the center of the 
line, which is dim and not very sensitive to the magnetic splitting. On the 
other hand, if the range is too large, much of the objective area will be 
wasted in collecting light far out in the wings of the line, which is bright, 
and again, not very well modulated. Clearly there must be some optimum be- 
tween these two unfavorable extremes. This optimum can most easily be evalua- 
ted numerii-aily by calculating the integration time required with various I'* 
numbers. As with the Lfount Wilson-type magnetograph (cf. Fig. 3.1.5a), the 
integration time can also be somewhat improved by rejecting a little of the 
light very cLnse to the line core. i\s an example, with 6302, if the intrinsic 
field strength is 1000 gauss or less, the minimum integration is typically 
found by allowing the detector f) view the range -90 to 90 mA around line 
center, which requires an f-nuraber of about 45. 


The detailed dependence of the optimum range (which depends very little 
on the assumed filter profile) is given in Figure 3.5.2 for a typical case as 
a function of the intrinsic field strength. 
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Fig. 3.5.2: Optimum sampling range in the detector plane for a compact raag- 

netograph viewing both wings of 6302 (as a function of Eield strength). 

The nature of this optimum is such that if for some other reason (e.g., to 
view a telluric line) the instrument is designed so that a larger range is 
available to the detector, it will actually be desirable (for purposes of the 
magnetic measurements) to mask, off or otherwise reject this additional 
light. The integration times will obviously need to be increased to compen- 
sate for the area of the objective which is not being used but if the addi-* 
tional light had not rejected they would have had to have been increased even 
further to make up for the added noise introduced by the extraneous photons. 

In summary, if both wings of the line need to be viewed there will always 
be some optimum range giving the best tradeoff between signal strength and 
light level. The f-number should be chosen to reproduce as nearly as possible 
this range, and the detector should be designed to sample from near line 
center to the extreme edge of the range. The optimum range depends, however, 
on the inherent field strength. 



3.5.3 Impocfaaoe of Profile Shape 

The import-anre of fhe profile shape ami ("he blocking of che .sldelobes is 
ref leered in rhe following rable, where rhe performance of rhe magnerograph 
has been evaluared imagining rhaf we could subsfirure for rhe acrual ''abry 
Perots an ideal fllrer having rhe same angular dependence, bur various simpli- 
fied rransmisslon profiles. The Fabry-Peror rype peaks are assumed ro bo 
blocked for all wavclengrhs beyond rhe middle of rhe first' free spectral 
range. 

In each case, rhe oprimum FWHM for rhe configurarion has been evaluared, 
iind rhe inregrarion rimes are on rhe assumprion rhar rhe oprimum wavelengrh 
range is sampled in fche derecror plane. The signal sr.rengrhs are based on a 
lOOii gauss field wir.h a fill facror of .014. The line 0302 is assumed ro have 
74.,'. of irs normal depr.h in rhe magneric feabures (2b7.' line weakening). The 
counr cares are in phobons/sec, and bhe inbegrarion bimes in seconds for an 
ideal debecroc. 

Table 3.5.3a: Performance of Various Ideal Bandpasses in a Corapacb 

Mignebograph Conf igurabion at 6302A (Perfect Detector). 



Range 

^rhe 

’^Ihc 

s 

mag 

'X(3/N'=4) 

Square Bandpass 
(90 mA FWHM) 

10-80 

8.932E7 

8.880E7 

2.96E-3 

9.92E-3 

Two narrow Fabry 
Perot peaks in 
series (90 mA each - 
58 mA effective FWHM) 

10-90 

7.588E7 

7.549E7 

2.55E-3 

l.c3”-2 

One Fabry Perot 
peak (40 mA FWHM) 

10-90 

7.977E7 

7.944E7 

2.05E-3 

2.40E-2 


The actual performance which could be obtained with the planned filters 
(as specified in Table 3.5.1) under the same circumstances , but including the 
full profile out to the blocking points at ± 4A (see Figure 3.5.1) would be: 


36 


Table 3.5.3bJ Perf ocinanc'e Obt^ainable wi^h Available Filt*ers Under the Same 
Uiroums tannes 



Range 

^cho 

^Ihr 

^raag 

TCS/N-4) 

Hoya filf.ecs (? -‘.'C.) 
(67 mA eff. FWHM) 

10-90 mA 

1.041E8 

1.037E8 

2.01E-3 

1.91E-2 

Existing filners 
(51 mA eff. FWHM) 

10-90 mA 

1.089E8 

1.085E8 

1.63E-3 

2.79E-2 


It is evidenr. from the two tables that while the square bandpass is 
certainly the best, some of the Fabry-Perot configurations don't finish very 
far behind. In fact, if the Hoya filters were finished to a slightly higher 
finesse, and so that they had equal FWRM's (rather than equal finesse), their 
theoretical performance would be virtually indistinguishable from. that of the 
'’two narrow Fabry Perot peaks”, the importance of the few additional unblocked 
sidelobes being negligible; and if they were combined coherently, so as to 
make a "two-cavity” etalon, their performance would probably be even close to 
that of the ideal square bandpass. 

The performance of the "existing’' filters, which to some extent 
limited by the side-lobes, would not be significantly improved by going to a 
higher finesse. 

3.5.4 Optimization of Filter Width 

The dependence of the integration time on the width of the filter trans- 
mission peaks is shown in Figure 3.6b, where the performance of the Hoya 
filters has been considered as a function of finesse (which is related to the 
filter width via equation 2.2e). It is assumed that both filters are coated 
to the same finesse, and that their transmission profiles can be combined 
incoherently. 
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Figure 3.5.4: Intugrat:ioii time required to measure a weak magnetic signal 

with Iloya filters coated to various degrees of finesse (and a perfect detec- 
tor). 

At each finesse the optimum wavelength range is used. Below a finesse of I 

about 15y the performance drops precipitously due to the large amount of stray j 

light. Above a finesse of about 30, the performance also drops, due to the | 

excessively narrow width and the consequent low transmission, but the effect i 

is surprisingly slight. 

Again, the integration times have been calculated on the assumption that 
we are trying to measure a field with an intrinsic strength of 1000 gauss and j 

a fill factor of .014 to a signal to noise of 4; and that the line 6302 has a j 

central depth 74% of its normal one in the magnetic regions (“26% line weaken- | 

ing) . I 

3.5.5 Choice of the of Spectral Line 

The preceding sections may have given the impression that the expected 
magnetic signal strengths and integration times can be predicted with great 
precision. This is true only to the extent that we are willing to make some- 
what arbitrary assumptions about the nature of the solar fields ana the be- 
haviour of the spectral lines. That is, we can be fairly confident about the 
relative performance of the various filter design choices, but much less 
confident about the absolute performance of any of them. Figure 3.5.5 gives a 

i 

more accurate picture of the actual uncertainties: j 

J 

1 
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Figure 3.5.5: Inregration t:imes required for various possible field and fill 

factor combinations corresponding no Mt. Wilson 5-gauss contour as a function 
of intrinsic field strength (perfect detector). 

The figure has been calculated using the various combinations of field 
strength and fill factor listed in Table 3.2. There is up to a factor of 7 
uncertainty in the integration time which would be required to bring out this 
threshold field. In addition, one has to make some assumption about the 
behavior of the line selected. For example, in generating the figure we have 
assumed that 6302 is weakened (in central depth) by 50/i in the magnetic 
regions. If it were actually not weakened at all, then the integration times 
might be four times shorter, whereas if it were even more strongly weakened, 
the integration times might be longer than stated. 

Given these large uncertainties, it is difficult or impossible to make 
any definitive statement as to which spectral line will give the best 
results. A line which looks good on the basis of its splitting and nominal 
undisturbed profile may in fact be a poor choice due to an unusually large 
amount of weakening in the magnetic features. Moreoever, the line which seems 
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best- Cor one infrinsii' Cteld srrengfh will nor necessarily be rhe besr 
choice if rhe real intrinsic field srrengrh is somerhing differenr (rhe farrer 
lines, like 6103, fiend ro do befifier if rhe rrue field is very srrong; and fihe 
skinny ones, like 5250, if ifi is weak). 

In rhe following Tables we have assumed rhar fihe infirinsic field srrengrh 
is 1000 gauss, and fihafi rhere is a fill factor of .014. As was seen earlier, 
this is a likely combination to exist in areas registered as "5 gauss" (even 
though fihe real field is 14) on rhe Mount Wilson raagnetograms . We have 
however for simplicity of comparison uniformly ignored the possibility of line 
weakening, which will make fihe estimates of signal strength and infiegratlon 
rime somewhat overly optimistic. 

In Table 3.5.5a, fihe performance of fihe "existing filters" (sec Table 
3.5.1) has been calculated at various possible wavelengths. The finesse has 
been kept as stated, and fihe i 4 A blocking width Increased or decreased in 
proportion to fihe square of the wavelength. 

The count rates are for one circular polarization in photons/ser and fi.he 
integration times in seconds (for a signal- to- noise of 4) . 


Table 3.5.5a: Performance Obtainable with Existing Filters by Using Different 


Lines (Perfect Detector and No Line Weakening) 
Line (A) f-nura Range 


^mag 

T 

5250 

47.2 

10 

- 70 

mA 

7.02 

E7 

3.10 E-3 

1.18 K-2 

5324 

37.9 

10 

- 110 

raA 

4.88 

E7 

7.46 E-4 

2.97 E-1 

bl03 

42.0 

10 

- 100 

mA 

8.42 

E7 

2.48 E-3 

1.55 E-2 

6302 

45.6 

10 

- 90 

mA 

• 

O 

VO 

E8 

2.20 E-3 

1.52 E-2 

8468 

39.7 

20 

- 160 

mA 

1.75 

E8 

2.15 E-3 

9.92 E-3 


For the Hoya filters, since they are not yet made, the finesse was also con- 
sidered as a free variable. It was assumed fi-hat both pieces would be finished 
to the same finesse and combined incoherently, which is not quite the optimum 
situation (Section 3.5.3). 
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Table 3.5.S'b: Perlocmani’e obtainable with the Uoya Filters Under the ;->ame 

Conditions 


Line('A) 

Finesse 

f-num 


Range 




s 

mag 

T 


-52511 

30 

49.3 

10 

- oO 

mA 

3.71 

E7 

5.34 E-3 

7., 58 

E-3 

5324 

20 

3t) . 7 

10 

- 110 

mA 

a . MM 

K7 

2.04 E-3 

4.55 

E-2 

5103 

25 

43.4 

10 

- 90 

roA 

5.40 

E7 

3.93 E-3 

9.57 

E-3 

u3l)2 

30 

40 . 8 

10 

- 80 

mA 

6.00 

E7 

3.73 E-3 

9.h0 

E-3 

84 0 8 

30 

41.0 

20 

- 140 

mA 

9.74 

E7 

3.63 E-2 


E-3 


The two tables suR^’est that there is very little differenoe bet.weo.n the 
three principal visible lines (5250, bl03 and 6302); and that all of these are 
much better than, the line ,\532a (whieh is ineluded for comparison because in 
spite of its poor signal it was used fairly successfully in early photographic 
Cancellations by Ramsey at Lockheed and in the Smithson videomagnetograph at 
Slg Bear). 

The additional loss in performance due to line weakening is difficult to 
generalize, except in the sense that signal will be reduced in proportion to 
the loss in central depth, and the integration time increased, therefore, in 
proportion to its square. For the line .\5250, nutting back in the earlier 
line weakening assumptions, one can estimate that the likely signal with the 
Hoya filters would be on the order of - (1.6 - 2.2) x 10“^ (wh'ch is 

slightly smaller than the Mt. Wilson "5 gauss" signal due to the less than 
optimum spectral profile) dictating an integration time of T •• (2.7 - 3.9) 

X 10 seconds^', that is 3.5 to 5 times longer than the stated time. The other 
lines probably suffer less from line weakening. 

As a final note regarding the selection of the spectral line we might 
observe that there is a strong bias towards excluding from the standard lists 
any line with a complicated Zeeman pattern. At least for measuring longitu- 
dinal fields there is no particular reason to do this. The things that matter 
are the shape of the normal and disturbed profiles and the strength of the 
average splitting, not the detailed pattern. It is, therefore, quite possible 
that some better lines have been overlooked. A more profitable approach would 
probably have been to have thought first about what line depths and shapes 


■v'lmi.l b»‘ ■‘xpci't'ed ro f’ive fhe best- peefotniainH* (l,e., neiMier b>)o narrow nor 
ft)o broud), Chen ro have looked rUrough rhe Afliiaes fo oee whar was available 
wirh rhe.se shapes, and rhen finally ro have asked how mueU rhey splir tnd 
wherher rhey are weakened In rhe nerwork. 

3 . b • b Advanrg>;p of i'sln)i; One Wln^> i)f rhe. Line 

ir was earlier observed rhar ideally, ro obrain rhe .shorresr lure;’rarion 
rl:ne, one would really prefer r.o work In only one wing of rhe line wirh a 
nearlv eollimared beam. To indirare exarrly how -naoh is losr by using r.Ue 
•lial-wing ring plane eonflgurarion, rhe i. blowing ruble Indle.ires for (he .sa.ae 
lines rhe performances which could be obrained by operaring using r'ae Iloya 
filrers .ir rhe opriraum poinr in one wing. Again, rhe signal strengths and 
rimes are based on r.he assumprion of lOUO gauss, .U14 fill facror, and zero 
line weakening (ir. is rherefore direcrly comparable ro Table 3.5.5b ), The 
r-number, if indicared, would be very large. 


Table 3.5.6: Inregrarion Times Obtainable with the Uoya Filter.s Using the 

Intire Objective at the Ootimum Position in One Wing (Perfect Detecroc) 


Line (A) 

Finesse Position 

P‘o 

^mag 

T 

5250 

25 

40 

mA 

5.91 

E7 5.26 E-3 

4.90 E-3 

5324 

20 

70 

mA 

4.96 

E7 2.31 E-3 

3.02 E-2 

ol03 

25 

60 

mA 

6.60 

E7 4.46 E-3 

6.10 E-3 

6302 

30 

50 

mA 

7.14 

E7 4.25 E-3 

6.18 E-3 

84o8 

30 

90 

mA 

1.19 

E8 4.11 E-3 

4.00 E-3 

The reduction in 

integration 

time in 

each case amount to a factor of a little 

over 1.5. 







3.0 Effect 

of Sampling Aperture 

and Integration Time on the Threshold 

Field 







All of the 

ralrulat:ions 

up 

to this point 

have assumed (cf. 

Section 3.4.3) 


somewhat arbitrarily (but for the sake of consistency, that the measurements 
would be performed with a square sampling aperture measuring 10 arc seconds on 


.1 side* Wherhci* or nor rhJs is an opflnum ohoii'e depends on rhe purpose 'tf 
rhe program. 

To rhe ext’enr rhui' rhera is no rigid retjo'^remenr on spariaX resolurion 
rharti ran be an engineering rradeoi'f berween lighr level and signal 
sfrengMi. Observartons made wirh an exrremely small aperfure will rend to 
give larger signals by obraining (on orrasion) a berrer rario of field eie- 
menrs ro dead space (i.e,., a higher effective fill factor). Observations made 
with a very large aperture^ on the other hand will tend to give smaller sig- 
nals because of the cancellation of opposite polarity featurs in the field of 
V ew. The following table, derived from a variety of sources, suggests the 
approximate dependence of observed field on the dimension, L, of the sampling 
aperture. 


Table 3.6; k'iaximum IJonsunspot Fields Measured in 5250 by Various 
Slagnetographs 

Source Aperture (L) Max. Field (B) 


Kitt Peak 
Mount Wilson 
Stanford 
Stanford 


2.4 arc sec 
12.6 arc sec 
180 arc, sec, 
1700 arc. oec 


lOO gauss 
40 gauss 
12 gauss 
0.5 gauss 


As expected, these measurements show a fairly regular fall-off of field 
strength with aperture: 
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Figure 3.ba: Maximum Observed Mon-Sunspof Fields In 5250 wirh Various 

Sampling Apertures. 

Sinoe presumably zio effort has been made to '’orrect any of these values for 
line weakening or saturation, they do not represent artual physical field 
strengths. On the other hand, since they were all made with the same line 
they should be fairly representative of the relative observed signal 
strengths. That is, we can say S ~ B. Likewise, for any fixed magnetograph 

configuration (ignoring limb darkening) the basic light level will be proper- 

0 

tional to the square of the sampling aperture: ~ L“. 

As will be developed in Section 4.2, the implication of these relations 
for the ability to detect the fields will depend on whether the detectors are 
operating in a mode where they are limited in accuracy by the intrinsic 
photon-counting statistics (the high light level situation), or by fixed noise 
contributions originating in the detector and electronics (the low light level 
situation). In both cases the time required to make a measurement of a given 
accuracy is proportional to the square of the expected signal. In the former 
case it is also inversely proportional to the light level (that is, a fixed 
number of photons need to be collected). In the latter case it varies with 
the square of the light level. Thus we are likely to have either: 
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')£• ^omycUing bet‘wi»en five fv;o exfremes. Using five values iron Table ).b we ean 
fherefore esfisnafe five relafive infegc.ifion, fiines whleh would be retiulred ro 
deferf any non-sunapof field wlMv five various aperfures; 



Figure 3.0b: Relafive infegrafion fimes required fo defer c any non-sunspof 

field wlfh various sampling aperfures. The absolute time sralcs depend on five 
raagncfograph, and five placement of the two curves is not meant fo imply that 
the "noise-limited" fimes are shorter than the "photon-limited". 

If is clear from the figure that in either counting regime the increase in 
liglvt level obtained by increasing the sampling aperture will more than out- 
weigh the loss in signal strength, at least up to apertures of several arc 
minutes. The moral is that one should never use an aperture smaller than 
absolutely necessary to achieve the required spatial resolution. 

While there Is a definite physical limit to the strongest fields which 
will be encountered, the weakest ones are limited only by one's patience and 
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in (M'rtorminK :noii8un*mtiUf * In will 

in propnrt”li)n fo fh«j .'Square ro*>f >)i flit* ,>j.inpHn« .intl fhi! 

titrnnhoM Hal>l afTenKf'li wilL be pt‘opor< lomiL fo flie ni)lHe level, it’ is ('here- 
ti)n* .ipp.ireuf fh.U’ oni’B t=he mlnimim i*ime fo see any field Ims been ext'eeded, 
Mil* "dviuimif range" of chy magnefiigrams should inerease in propoefion fo fhe 
st'iuare root- of t-hy addifioiml Ineegrarion Mmc. 
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4 • I Maximum Time Arpepf:able foe Full Disk Raster Scans 

Sinre t:he solar magnet'.ir features change more rapidly when examined on a 
fine t^han on a large scale, fhe maximum nimes which would be considered accep- 
table for completing n map is also somewhat a function of the nominal resolu- 
tion. The Mount Wilson full disk maps, with a sampling aperture of 12.6 x 
12. b arc seconds are done in about 2 hours. During this time, features near 
disk center will rotate by about 20 arc seconds, which is larger than the 
resolution element, but this does not cause a perceptible shearing in the 
image since the few scan lines including any particular features will have 
been completed in a much shorter interval. For a space application, it is not 
inconceivable that in a continuously scanning mode times as long as 24 hours 
might be permissible for the complete cycle. 

In a ground-based operation, however, in order to have a significant 
probability of completing the task without undue interruptions from clouds and 
other problems it would certainly be wise to plan the program so that the scan 
could be completed in less than, say, 4 hours. If a 10 by 10 arc second 
aperture is used, it would require approximately 29,000 separate measurements 
to cover the full disk. To do this in 4 hours, one could not spend more than 
0.5 seconds on each point. It is, of course, possible to avoid some of the 
time limitations by making smaller scans of selected regions rather than of 
the whole disk. 
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A . 2 S' lo.frlon i)£ a Slll^abL>i PefQpfor 

The int-egrafion times ralfulafted in the previous sections have assumed 
thar an "ideal" detector could be used. A real detector will, of course, miss 
.some of the photons and add noise and background currents to the apparent 
light levels. For purposes of demonstrating the feasibility of the magneto- 
graph concept, this is not necessarily a critical problem, since most such 
defiencles can be corrected simply by extending the integration time. None- 
theless, it seems reasonable to try, as raucli as possible, to use the optimal 
detector. 


4.2.1 Expected Light Levels 

In general, the selection of a suitable detector will depend both on the 
total quantity of light (photons/sec) and on its expected Intensity 
(photions/cnv^-sec 'n t.he det:ert:or plane. In the rase of nhe compact: magneno- 
graph, the inf.ensifcy ran be varied almost: arbit:rarily by changing fche diameter 
of t:he area inho which the light is imaged, bvit the quantity of light 
cannot. According to Table 3.5.3b for the line 6302 operating under optimal 
conditions (that is with the system operated at the minimal range of wave- 

q 

length coverage, and with very clear skies) we expect to gather about 1 x 10 
photons/second in each circular polarization (using half of a 2" diameter 
objective). This amounts to an available power of about 3.1 x 10^^ watts. 

The spatial distribution of the intensity is reasonably uniform, the ratio 
between the brightest and darkest parts of the image (i.e., ± 90 mA vs. line 
center) being about 1.5. 
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4.2.2 GID Cameras 

The CID camera being considered for use consisfs of 244 x 248 silicon 
elements, or pixels, which can be read out seque ‘ lly in a total time of 0.5 
seconds, with a readout noise of ± 500 counts/pixel. The faceplate geometry is 
shown in Figure 4.2.2a: 

2H8 colemm 

sir^ie piKel : 

35,5^ 

‘46.0/i 


Figure 4.2.2a: Faceplate geometry of the existing GE CID camera. 



The sensitivity of the elements appears to increase as the charge builds up, 
reaching a peak quantum efficiency of about 0.3 in the range between 4 x 10^ 
cts/pixel (the "bias level") and 2.5 x 10^ cts/plxel (saturation). In 
general, according to the figure distributed by Aikens ( AURA Engineering 
Technical Report //66 , 1980), the relationship between the number of photons 
striking a pixel (Nj_j^) and the number of charges collected (Nq^j.) can be 
written in the form: 


out 

1.8 X 10”^ 

^in 


for 

0 

< "in < 

4.9 

X 10^ 

out 

.195 - 

5.23 X 

lO'" 

for 

4.9 X lO-'^ 

< "in < 

1.33 

X 10^ 

out 

.300Ni^ - 

1.93 X 

10^ 

for 

1.33 X 10^ 

< "in < 

8.77 

X 10^ 

out 

2.44 X 10^ 



for 

8.77 X 10^ 

< "in 




(4.2.2a) 


The quadratic behavior at low charge levels is so bothersome that in many 
applications, it is considered deslreable to "prefog" the elements up to the 
bias level, so that reasonable efficiency and linearity of response can be 
obtained. Such a mode would probably, however, be incompatible with the 
rastering action of the magnetograph (see Section 4.2.3), since it would 
require a shutter to block off the incoming light during the time it takes to 
pre-expose and readout the background level. 
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The dark eurrunf, in t-he GIU, or more precisely, hhe dark eharge per pixel 
builds up Ilf a rat-.e o£ abouc bOOU rfs/sec at: -32 °C. As wirh of.her siXioon 
devices, this nan be supressed far cor of 2 for every 7-10 ®G of addicional 
rooling. 


The useabilicy of che CID depends largely on Che naCure of the assoriac.ed 
eler Cronies, which decermine che romplexicy of reading ouc a parcirular ele- 
menc. for che presenc purpose, we shall ronsider an idealized camera in which 
ic is possible Co read ouC. any element inscancaneously (that is, with no time 
lose for "addressing*'). In particular we ahull consider a situation in which m 
pixels are used for detecting each circular polarization, and in which the 
total detector area of 2m pixels is readout sequentially in a total time of T 
(seconds). The charge?, on any one pixel will look like: 


Figure 4.2.2b: 
scanning mode. 



As indicated, the charge on a particular pixel is read out in a short time t, 
and then reset. The maximum value of t is: 


T 

max 2 m 


(4.2.2b) 


Since the effective integration time is T - 0.5 t, it may under some circum- 
stances be desireable to shorten t so that a larger charge will be available 
for raeasurfcraent. This would, however, increase the readout noise. Since the 
readout noise is currently ± 500 counts for a sequential readout of the com- 
plete 60,000 pixels in 0.5 sec (8 ysec/pixel) , one asses that the readout 
noise for an arbitrary t would be: 


5n 


500 


•S ysec 


0.5 




cts . 


(4.2.2c) 


The total uncertainty, 5N, in the number of charges measured is then: 
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(4,2.2r) 


rz. T 

5N - / N' + 5n“ 

where is t-he average number of charges rerorded, which i« relafed f.o the 
inpuf. number of photons in the time T - 0.5 r by aquation 4.2.2a. 

In the case of the compact magnetogtaph, we will have Rj photons /sec of 
right-hand circular light falling on one set of m pixels, and R 9 photons/sec 
of left-hand circular light falling on the other set, where Rj^ Ro R^^ and 
will wish to measure the signal: 

S » (Rj_ - R^)/(Rj^ + R 9 ) (4. 2. 2d) 

If the dark current is negligible, it can be shown that the uncertainty 5S in 
the measured value of S will be given by: 


(-SS)" - ^ 


r* 

K u-ax; 

(f _2 

1 '• k m 


+ (500)“ (■ 


2 / 8 usec ^ 


R (T-5t)'i 



m 


(4.2.2e) 


where (T - 0*5T)/m is the number of photons collected per pixel and f is 
the function relating this to the number of counts registered (eqn. 4.2.2a). 
Bor any specified values of S and m, this equation can be investigated numeri- 
cally to determine the readout time which will give the minimum cycle time 
T. The total number of photons of each circular polarization which must be 
collected to make the stated measurement is then N^mR^T. By way of compari- 
son, for an ideal noiseless ^ and perf ectly-ef f icient detector, the number 
required would be (cf. Sec. 3.4.2): 

N - — - — (4.2.2f^ 

2(dS)“ 

In the following figure, the calculated integration times are given for f:he 
idealized continuous-scanning CID camera with various sizes of image area on 

Q 

Che assumption of an incident rate of R^^IO photons/second . 
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Figure 4.2.2c. Minimum integration times required for various noise levels, 
m is the number of CID pixels used for each circular polarization. Note that 
for magnetic measurements we want the noise level to be less than one"*fourth 
the expected signal at the threshold field. 


In general, the optimum performance was found by using the longest pos-' 
sible readout times (that is, t » T/2m). The only exception occurred when a 
high precision result was wanted using a very small number of pixels (m«2). 

In that case, where relatively long integration times are nailed for, no 
improvement in the noise level was found for readout times longer than about 
.001 sec; in fact longer times would cause a slight deterioration in perfor- 
mance due to rhe smaller average number of charges which would be present 
during the readout. 

In using eqn. 4.2.2e, allowance must be made for the possibility that the 
total number of charges accumulated per pixel between resets (*f(RQT)) may try 
to exceed the saturation level. This occurred, for example, for m*2 when 
SS < 3.5 X 10“^. In such cases, the desired noise level can only be obtained 
by averaging together a number of measurements made with cycle times short 
enough to avoid saturation. This causes the curve of collection time vs. 
noise level to become parallel to that for an ideal detector at low noise 
levels (as shown in Figure 4.2.2c). 
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OF POOH QUAMfY 

The general conclusion would seem Co be Chat when using a CID for the 
kinds of light level available from the compact magnetograph it is desireable 
to reduce the image area to the smallest number of pixels consistent with the 
required spatial resolution. The smallest number of pixels which co Id be 
used for each circular polarization for a combined magnetic/ temperature 
measuring capability would be about m » 6: 



0.18Mmm 


JHZnm 


Figure 4. 2. 2d: A minimal image scale permitting the 4 detection sectors to be 

sampled for independent "velocity" and magnetic measurements (cf. Figure 
2.4a). 


However with a very small number of pixels, the performance would be addition- 
ally degraded by the fact that some of the pixels would cross the boundaries 
of the detection sectors, and others would be incompletely illuminated. That 
is, the sectors are non-optimal and for geometric reasons the signal levels 
would be somewhat lower, and the noise levels higher, than anticipated. 

In summary, for the compact magnetograph, adequate resolution could 
probably be obtained with m“10, and the noise level of 6S * 5 x 10 ^ (which 
according to Sec. 3.5 is that required to measure the Mount Wilson 5-gauss 
fields with negligible error in 6302) could be obtained in an integration time 
of about 0.2 seconds. 2 x 10^ photons of each circular polarization would be 
collar ted, which means that 2 x 10 photons would strike each of the active 
pixels. According to eqn. 4.2.<?a, this in turn means that a total of about 
4 X 10^ counts would be accumulated by each pixel between resets. Since this 
is roughly equal to the room temperature dark charge per pixel for 0.2 
seconds, some cooling would be required. 

Since the existing CID cannot be used in a random access mode, a longer 
integration time would obviously be required, but exactly how much longer is 
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soraGwha^ unflGar. Kven if ii' were neresBary ro read our rhe enrire pierure 
using T » 0.5 sen and t ■ 8 pseo, we could srill choose ro use an image 
covering m ■ 10 pixels (for each circular polarizarlon) and Ignore rhe 
orhers. In such a case, according r.o eqn. 4.2.2 rhe noise level would be 
SS * 2 X 10“**. This is more rhan good enough for rhe magneric measuremeiar , 
Srill closer r.o oprimum performance mighr. be achieved if jusr a portion of rhe 
pixrure could be read our, or if the unused pixels could be stepped over more 
rapidly rhan rhe "active" ones. The exact solution would depend on the opera- 
ting possibilities. 

For example, if it happened that a few lines of the image coulci be read 
out selectively, and if a polarizing mask of type II were used (Figure 2.4b) 
so that longitudinal magnetic fields produce a pure left-right blinking, it 
would be possible to use a cylindrical lens to focus the detector plane image 
down onto those few lines with essentially no loss in magnetic, signal: 



linear defector 


Figure 4.2.2e: Use of a cylindical lens to compress the detector plane image 

onto a linear detector array. The picture on the right shows the intensity 
profile along the length of the detector. 


The magnetic signal could then be derived in the usual way, by comparing trie 
intensities in two halves of the detector. The temperature Information would 
be derived from the motion of the intensity dip (due to the line absorption) 
in the linear image: 
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(a) »A Moj | nef{c frM (b) Tgre pgrofure foo lov? 



* »iorm«l proHlii 


Figuro *4.2.2i:: RKfrar^ion of maj^net-ir and f*emperaMire signals from M\e oom- 

pressed image. 

The remperarure signal would be considerably diluted, bur ih is much stronger 
to start with and does not need to be measured as frequently or as accurately 
as the magnetic signal. The effect of the cylindrical lens could probably be 
simulated electronically by tying together some of the GID lines so that one 
could rapidly read out the accumulated intensities in complete columns, rather 
than in individual pixels: 



Figure 4.2.2g: Electronic simulation of the integrating effect of a cylin- 

drical lens. 

Presumably, however, little real advantage in noise or sensitivity would be 
gained unless one actually used a smaller physical portion of the detector. 

4.2.3. Problem of Compatibility of CID Cameras with Raster Scans 

An implicit assumption in the design of the compact magnetograph is that 
for a given point on the sun one has simultaneous access to the light levels 
in the various sectors of the detector plane. For a CID operating in a con- 
tinuously scanning mode, the measurements would clearly not be simultaneous, 
so that brightness fluctuations between the times at which the right and left- 
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handed polarizat’ions are sampled Infrodure an addlflonal soun'e of unwani"etl 
signal . 

In drlfr scans, fhe solar Image would move by about" 8 arc seconds In rhe 
IJ.5 seconds It- rakes ro readout* rhe exisrlng camera. Alrhough, r.he Imporrant* 
morion Is really rhar occurring berween rhe srarr and end of r.he readour of 
r.he "ac'rlve" pixels (’which may consrirure ,x much slxorrer rime if m ■ lu), some 
•worry may sfilll perslsr, about light level changes during the readout. It can 
be minimized by orienting the polarizing mask so that the scan lines will chop 
between the two circular polarizations as rapidly as possible, rather than 
reading out all right-handed and then all left-handed pixels. The elimination 
will not be perfect, however, and even if one used a step scan, pausing at 
each point, there might still be problems of non-simultaneity associated with 
seeing and transparency fluctuat;ions between the readouts of the right- and 
left-handed pixels. Such effects will raise the effective noise level of the 
CID detection system by an unknown amount. 

4.2.4 Photodiode Detectors 

Since it turns out that the most efficient mode of operation of the Cli) 
is with the smallest possible number of pixels, it seems natural to inquire 
whether even better performance might not be obtained by using single physi- 
cally separate detectors for the four detection zones of Figure 2.4a. Likely 
candidates would be the silicon photodiode devices marketed by United Detector 
Technology. Physically, these are very similar to the CID elements, but 
operated in a continuous current rather than a charge integrating/reset 
mode.* This capability would allow one to avoid entirely the problems cited 
in the preceding section. 

The main drawbacks of the photodiodes appear to be their higher dark 
currents and noise levels, both the result of their large physical dimensions 
(compared to a CID pixel). The noise characteristiv's of these devices are 
specified by a "noise equivalent power" (NEP - dimensions of joules//sec) . 


*Because of the very tiny currents generated, the associated electronics 
would probably actually be operated in an integrating mode where the 
accumulated charge is digitized to 1 part in 10“* at the end of each sampling 
period. However, the digitzations could be performed simultaneously, and in 
any event, the net effect would be the same as if they were operated in a 
continuous differential current measurement mode. 


56 


,Vrorklin>? t*o fhis JeftitlMoii, noi.se in >\ b.ttuiwi*iHi B (Hz') has an amplicuhv* 
roughly equal ro rhe signal whioh rhe ilcviee would protluoe for an Inpur power 
of: 


p, - N’EP *nr 
in 


C4.2,^a) 


Thus, if fhe quanrum effieieney of Hie lieviee is Q, aud ^he imergy assoeiafeal 
wirh one inpur photon i.s e (joules), the total noise eharge u'cnnulated in a 
sampling time T will be on the order of: 


sinoe 


on 


N’EP 
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('♦.2.4r) 


At b302A, c “ 3.15 x 10"“^^. The square-root of two has been inserted in 
(4.2.4a) somewhat arbitrarily and possibly erroneously due to unnertainties on 
the part of the author as to exactly what is meant by tie NEP. It is possible 
that the detectors are slightly '»ss noisy than assumed here. 

In any event, if we propose to perform a differential photometric 
measurement of the sort described by equation 4. 2. 2d, and if is the basic 
incident rate in photons per second (of each circular polarization) and is 
the dark current in charges/second (1 charge ■ 1.6 x 10”^^ coulombs), then it 
can be shown that the noise level (i.e., the rms uncertainty in the raeaoure- 
ment) will be given by: 


(SS)“ 
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2R 
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q. 2 (— ^) 
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(4.2.4d) 


This is the equivalent of equation (4.2.2e) for the photodiodes, or other 
similar devices. In general, the dark current terra can be reduced to neglible 
importance by cooling. The NEP, on the other hand, can be only very slightly 
reduced. 

It should be noted that in equation 4.2.4d it has been assumed that the 
stated NEP contains only noise contributions in excess of the ultimate photon- 


t’ouuMug poroponynt* . Thar la, an Itlaal ilttr^i'tor would have \T.r “ •>, In rha 
inoro re'inmon definirion, which w nay dpalgnare aa .‘IBl**, ir appcara rhar even a 
p«‘rtVor iierecror would be ^^Iven a HuJre value, which is prasumahiv rhe phoron 
cmiunny^ conrrlburion ar rhe "minimum derecrahle" Input Uux, Uhar Is, 

the one which "a signal ti) noise ot I" or S.S -j 1)# From e<iuarion 

’^.nln " ideal derectt)r. To explain this errlrely by a noise term, 

we would have to have This would introduce an arbitrary 

frequency-dependent term into the definition of NEP* which would not seem to 
■nake much sense if it could be avoided. 

or the silicon photodiodes available from UDT, the '■wo most Interesting 
candidates seem to be the Hh’ Spot/dD and PIN-2DA detectors. The former 
provides two closely spaced rectangular sensors. The latter is a single 
detector, and is said to provide "the lowest leakage current and lowest noise 
on the market". Their specif Ications are as follows: 


Table 4.2.4: 

Characteristics of Commercial 

Photodiodes 

Area 


NEP(joule/sec‘^*^) 

R(j(chirges/sec Q 2S°C) 

PIN-,Spot/2D .032 cm- 

(one element) 

.75 

9x10"^^ 

1x10^® 

PIN-20A .020 cm- 

.75 

6x10"^^ 

3x10® 


For an incident rate of * 1 x 10® photons/sec, the PIN-Spot/2D would have 
to be cooled essentially to its minimum operating temperature of -55^ C to 
make the dark current small compared to the incident rate. The PIN-20i\ would 
only need to be cooled slightly. On the assumption that the dark current is 
negligible, equation 4.2,4d can be used to generate a figure analogous to 
4.2.2c showing the expected performance of the photodiodes: 





Figure ii.2.^: Noise level as a function of infegrafion time for photodiodes 

with stated specifications (R^ ■ 10^ photons/sec). The curves will move 
closer to the ideal for high Rq and further away for lower R^. 

i ■ 

! i 

If From the figure, it is evident that the PlN-Spot/2D is considerably 

[ : inferior to the PIN-20A, and it appears that for weak signals the latter 

i offers essentially the same performance as the idealized CID with a small 

number (m * 10) of active pixels. That is, a noise level of 5S * 5 x 10”^ can 
be achieved with an integration time of slightly under 0.2 sec. The reasons 
for this coincidence are not fundamental to the detection mechanism. The CIO 
uses a much smaller physical area, and for that small number of pixels has 
negligible, or at least manageable, readout noise. It is limited mainly by 
its relatively low quantum efficiency. The photodiode uses a much larger area 
and is strictly noise-limited. 

For coarser measurements, the PIN-20A gains an increasing advantage over 
the CID. This is because if only a rough measurement is needed, a short 
Integration time (or equivalently, a small number of collected photons) is 
called for. This condition places the CID in a regime where it has an even 
lower effective quantum efficiency. The photodiodes supposedly don't suffer 
from this problem, and are linear over many orders of magnitude. 
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4.2,5 riiofomulflpliers 

For very low lighf levels, phofomulf Iplier fubes, whieh have noise equt"* 
valent powers as low as 5 x 10”^^ joule/see*'^’^ (Cor a 1P21 at -oS'Vj), are 
generally eonsidered fo be fhe best: oholoe. Their main dlsadvanfage is a 
relatively low quantum efficiency ,1) and an Inability fo cope with very 

O 

high count rates. For the compact magnetograph, with fluxes 1 x I'i 
photons/sec, fhe maximum count rate would be about 10 Mila which is towards fhe 
upper end of the acceptable range. 

The noise level in a phofomulfipliar-based defection system would be 
governed by the same considerations as for photodiodes (i.e., eqn. 4.2.4d). 

In the present case, however, if is the photon counting rather than fhe noise 
term which supplies the limiting factor. The net result (because of the liwer 
quantum efficiency) is that the predicted performance curve is essentially 
Identical to that of the PIN-20A in Figure 4.2.4. 

The problem with using photomultipliers would most likely be the difti- 
culty of finding separate rubes so closely matched that meaningful diffurer.- 
tial intensity measurements could be made over any extended period. This 
problem would disappear if the system could be modula*‘ed so that fhe s.irv* 
detector could be used alternately for the two circular polarizations. 


4,2.0 Conclusions Re>;ardlne Deferr.oc Choir'a 

The resuir.s of t^he preceding sert:ion suggest ohat’ available dettaot'ors 
will fall short, by about an order of magnitude of the optimum possible time 
for detecting the small signals produced by the compact magnetograph. 

Ideally, a differential measurement good t.o SS “ 5 x 10 ^ would require the 
collection of only about 2 x lO*’ photons of each sign, which at a basic light 

Q 

level of about: 1 x 10 photons/sec would require on y .02 seconds of nime. At 
the same light level, a very low noise photodiode (the PIN-20A) or a photo’- 
multiplier would require about lOx as many photons, or 0.2 seconds to make a 
measurement of the same accuracy. The existing ClI) camera would also be 
capable of achieving this noise level in a single 0.5 second readout provided 
the image is confined to a small portion of the available area. 

For purposes of setup and demonstrating the feasibility of the overall 
concept, it may would sufficient to make a few measurements at a leisurely 
pace with fixed telescope pointing. Under such circumstances, where effi- 
ciency is not a major concern, the CID would seem to be the logical choice. 

It would permit one to actually examine the ring pattern and to arbitrarily 
vary the zones used for sampling. 

For an actual operational system in which the measurements are to be made 
in the smallest possible time, discrete photodiodes of very small area would 
appear to be a more attractive choice. The principal difficulty would be in 
development of adequate peripheral electronics to deal with the very small 
signals. If the signal is to be modulated, photomultipliers might also be 
considered. 


4.2.7 Ramifications of Detector Choice on Previously Calculated 

Integration Tiroes, and on Profile Shaping and Threshold Field 

In Section 3, the theoretical integration times required to detect 
various expected magnetic signals were evaluated on the assumption that one 
could use an ideal detector, that is one with unit quantum efficiency and zero 
intrinsic noise. In addition, various filter configurations were suggested 
which would minimize this time. Those considerations may require some modifi- 
cation depending on the choice of detector. 


61 


For an linperttif'f derert’or whosti perfocraanfe (like hlnvc. of Mie phohomulri 
plio.r) is limir.etl by phofon sfafclsf^ifs, racher I’han by lnrernally-genecaf;ed 
noiso, fhe Infegrafion time specified by equation A.2.4d (for a specified 
noise level) is a simple Hxed multiple of that given by equation 3.4.2b. 

Thus tlie same optimum will be selected and all previously calculated integra- 
tion times need simply to be multiplied by the appropriate correction factor. 

On the other hand, for a detector (such as the photodiode), whose perfor 
mancB is limited by internal noise, equation 4.2.4c says that 
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The tradeoff between and signal strength (>5S) is slightly different than 
for the ideal detector, or in other words, the correction factors implied by 
Figure 4.2.4 are rate-dependent. . (Note that the NEP is an equivalent input 
power, and therefore includes the quantum efficiency of the detector). 

To explore the effect of noiseness in the detectors on the optimization 
of the design the integration times previously provided in Table 3.5.5b and 
3,5.6 were re-examined using the noise equation 4.2.4d with the fJEP for the 
PIN-20A photodiode (from Table 4.2.4) and assuming negligible dark current. 
The calculations are for a signal to noise of 4 at a signal strength corres- 
ponding to 1000 gauss with a fill factor of .014. That is, for a quantum 
efficiency of Q, a basic rate of (in each circular polarization), and a 
■'.alculated signal strength S, the time will be: 

T . (4.2.3) 

OR S" R S 

^ o o 

Agaia, the undisiturbed profiles are used, and the possibility of line 
weakening is ignored* 
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r.ible 4.2.7b; I’erformanro Obfainable with the lloya Filters and PIN-20A 
Photodiode Detectors Using One Wing or" the Line Only (cf. Table 3.5.6) 


Line(A) 

Q 

Fintisse 

Position 

>^0 

c 

mag 


5250 

.60 

15 

50 mA 

1.24 E8 

3.52 E-3 

4.59 E-2 

5324 

.61 

7 

110 mA 

3.61 E8 

6.08 E-4 

2.19 E-l 

6103 

.64 

10 

80 mA 

2.81 E8 

1.55 E-3 

4.91 E-2 

6302 

65 

15 

70 mA 

1.88 E8 

2.29 E-3 

4.38 E-2 

8468 

.52 

15 

120 mA 

3.03 E8 

2.21 E-3 

2.33 E-2 

It will 

be 

observed that 

under these 

real-life 

circumstances 

the detec- 


tors are very hungry for light and are willing to give up signal strength to 
get it. On the average, the optimum finesse's turn out to be less than half 
of what formerly appeared to be optimum, and in some cases the effective FWHM 
of the best filter combination actually exceeds that of the line. 

On rhe average, the integration times required with the PIN-20A photo- 
diodes are found to be 8.5 times longer than those calculated for a perfect 
detector, which is fairly close to the factor indicated in Figure 4,2.4. 

It is also evident that when noisy detectors must be used, the single- 
wing mode of operation is even more advantageous than before. In the present 
case, the integration times are reduced, on the average, bv a factor of 1.75. 



‘Calibration of the Detector 


4.3.1 Calibration Prior to Use 

Whatever detector is selected, it is extremely important that it be well 
calibrated . 

In most magnetographs the. signal on a fixed detector is alternated be- 
tween right and left-hand circular polarizations so that roughly speaking one 
needs only the capability of measuring fluctuations, and not the capability of 
measuring absolute light levels. In the compact magnetograph It is proposed 
to measure the two light levels by means of physically separate detectors, and 
it is apparent th.at if differences are to be measured over any si^'^nif leant 
range of light levels that the relative photometric properties of tlve two 
detectors must be very well established. That is, given the reading in one 
detector, one must be able to anticipate very accurately wluit the reading 
should be in the other detector if the same light level were falling on it. 

Indeed, the prediction has to be at least as good as the expected signal; that 

3 

is, we would like to be within 1 part in 10 or better. 

An obvious difficulty in producing such a calibration is that of devising 
a source in which the overall intensity on the two detectors can be varied 
with minimal probability of altering the pattern. For example, if we 
developed a sufficiently uniform source of illumination and then tried to vary 
the intensity on the two detectors by placing a neutral density filter in 
front of them, it would not be obvious how much of the observed imbalance 
could be due to non-uniformities in the filter. Similarly, an ordinary light 
bulb can be varied in intensity by changing the voltage, but one wonders how 
uniformly the filament will brighten. 

A possible solution would be to use a pinhole aperture illuminated by a 
laser, as shown in Figure 4.3.1; 
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Figuro. 4,3.1: Possible light- source for performing a phoKomefrir calibration 

of detectors. 


In general, if the diameter of the pinhole is D, and the distance to the 
detector is i, then the intensity incident on the detector plane will be given 
by: 


2j (i2_iia_EZi, 


ir D si n r/ oT 
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(4.3.1a) 


where r is the radial coordinate from the optical axis. For example, for the 
situation illustrated, the intensity would be uniform to about 0.15% from 
center to edge. 


The light level can be easily varied by introducing neutral density 
filters. If the incident intensity is then the intensity in the center 

of the diffraction pattern is given by; 
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For a 100 raW laser with a uniform 1 mm diameter beam, the dimensions indicated 

—1 n 9 

in the figure would give Ig « 9.10 x 10 watts/cm . This compares favorably 
with the 5 x 10”^^ watts/cra" which would be obtained if the entire 2 x 10® 
photon/c -cond compacc magnatograph image at 6302 ware spread over a 9mra dia- 
meter (the size of the CID chip), but is considerably less than the intensi- 
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whioh might be obtained if that Image were refocussed onto a very small 
portion of the GID. 

While the central axis of the diffraction cone would tend to move with 
the direction of the input beam, deflections of up to about 1 arc minute would 
produce less than a 1 x 10*^ change in the Intensity at any fixed point in the 
detector. Similarly, lateral motions of the pinhole of up to about ^007" 
would have negligible effect. Thus, the intensity of the image over the 
entire detector would be varied by inserting density filters in tne input 
beam. Density variations over the dimensions of the pinhole, even if present, 
would have negligible effect on the image; however, it would be wise the 
jiggle or rotate the filter a little to nahu sure that there is not wedging or 
inhomogeneities in the index of refraction (i.e., phase errors) which woula 
tend to tip the output. 

4.3.2 Calib ration in Use 

It is obvioc ily not practical to calibrate a solar raagnetograph in the 
sense of checking the output for a known test field. In general, "’calibra- 
tion'* refers rather to an empirical determination of the average line profile 
by measuring the Doppler signal corresponding to a known line shift. For the 
compact magnetograph this kind of calibration v;ould presumably be accomplished 
by measuring the offset between the east and west limbs at a fixed filter 
temperature. 

For the compact magnetograph calibration is also necessary in the sense 
of keeping track of the photometric properties of the separate detectors which 
are used to extract the difference signals. The primary effect of calibration 
errors will be to shift the zero of the magnetic scale. ^ fingerprint on one 
side of the objective, for example, would cause a permanent apparent imbalance 
between the two circular polarizations. Fortunately, the sun provides its own 
null signal, since at a resolution of 10 arc seconds large areas of the sun 
should appear at close to zero field strength. Thus it should be a fairly 
straightforward matter to shift the magnetic scale by a suitable amount to 
compensate for the fixed calibration errors. Indeed, ability to pick out 
visually the ’’true" zero is, after all, the rationale behind the Leighton 
technique of displaying ‘"white” and "black” fields against a "gray” back- 
ground. The only strong requirement would seem to be that the calibration not 
change significantly during the rime it takes to complete a raster scan. 
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4.. 4 Tempccafiin*. Control Requlreiaenfs 

In order t:o keep ^he filfer assembly properly oent-ered on (•he soLir 
apei'Cral line if is necessary fo mainfain if in an acfively conf rolled fhernal 
environmenf. Typical wavelengfh shiff.s, which are a funcfion of fhe expansion 
coefficienf of fhe subsfrafe maf.erial, are about 3b mA/^C according fo fhe 
proposal . 

The precision wif.h which the femperafaire needs fo be controlled is indi- 
cated in Figure a. 4a: 



Figure 4.4a: Magnetic and temperature signals for a decentered detection 

system. 

This indicates the magnetic signal (for ~ "5 gauss") calculated for the Hoya 
filters operated at 6302 using the detection scheme of Figure 2.4a, but allow- 
ing tbe central wavelength to drift by the indicated amount. The assummptions 
are the same a^. in Table 3.6b. With no shift, the detectors sample 10 - 90 mA 
in each wing. It is apparent that a shift of as much as 20 mA, which would 
produce a temperature signal of 0.10 (in terms of eqn. 2.4b), would cause 
negligible deterioration in the magnetic sensitivity. This means that tem- 
perature control is only needed to about i 0.5 °C, and that the signal indica- 
f'ng such an error would ca quite easily detectable. 

On the other hand, the operating temperature has to be varied to compen- 
sate for solar rotation as the instrument is scanned across the sun. This 



noMon ootrasponds fo abouf ± l.yy km/8»ic at* t*he limba, and For a 

rlijid rot*at*or, varies linearly wJMi apparent* dist*anoe From rhe nenbral meri- 
dian. At* \b3U2 t*his corresponds ro a Doppler shift* of ± AO mA, ^hich if 
uncompensafed, would severely weaken the magnetic signals already weakened by 
geometric effects. 

The need for rapid tempcratui'e control can be minimi 2 ed by performing the 
raster scans along lines parallel to the central meridian, rather than paral- 
lel to the equator (as seems to be traditional)! 




Figure 4.4b: Raster scan pattern to minimize need for temperature adjustment. 


Using this pattern, the temperature can be varied slowly and continuously over 
the time it takes to complete the raster, rather than needing to be completely 
cvcled on each line. 
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. 5 Retiulremenfs on fhti Unlfocmlry of Bandpas.s and* Temperarura ovor fhe 

Aperrurti of t-jie Ftlt-er 

The result’s lllust-rared in Figuru 4.4a apply also, buf in a more oompli- 
oat-.ed way, ro t-he losses in sensifivify which occur if t*he rhickness of Phe 
filt-er, or it’s t-emperafue are non-uniform over die aperfure used by die 
beam. Roughly speaking, fixed errors of less fhan about: ± lU mA from point to 
point would have little effect on the sensitivity of tlie instrument for detec- 
ting the changes associated with magnetic fields, but depending on their exact 
pattern (that is, where they lie with respect to the detection sectoi") they 
could have an extremely large effect on the zero of the magnetic scale. 

The same argument applies to the effect of fixed temperature gradients. 
The problem is that the magnitude of the temperature gradients is likely to 
change as the controller applies more or less heat., and also, possibly as the 
brightness of the solar beam (which governs how much heat is dissipated at 
that point) varies. If we ignore convection, the effect.s of the-se gradients 
can be minimised by taking care that the beam passes through the axis of 
symmetry. In that case, the (radial) temperature gradients will simply cause 
a non-linear stretching of the wavelength scale in the detector plane. To 
first order, this would be i: terpretted solely as a temperature error, and be 
rejected from the magnetic signal (see Figures 2.2b and 2.4c). 

The problem with convection is that it is likely to cause the temperature 
to stratify vertically inside the oven, and this would cause a linear gradient 
to develop in the filter, whose magnitude would vary with the heating. The 
effect in the detector plane of the temperature being too high on the top and 
too low on the bottom would be very much like chat of the vertical tilt shown 
in Figure 2.2b (except upside down). Although the magnitude of this effect is 
likely to be very small, the magnetic signal is also very tiny. To minimize 
the chance of this being interpretted as a magnetic imbalance, care should be 
caken that the vertical axis of the polarizing mask is suitably aligned. 

4 . t) Seeing Problems 

A potential difficulty with a magnetograph of the compact Fabry Perot 
design is that atmospheric inhomogeneities between the instrument and the sun 
will cause fluctuating differences in the intensity distribution over the 
objective which could be misinterpreted as magnetic or temperature .signals. 
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To ant•iplpa^e how large this source of noise might be, one would like to know 
the rms magnitude of the short-time-period flurcuations in the light level 
from a 10 arc-sec portion of the sun viewed through a 1" objective. The 
differential measurement between two closely spaced ai ''as used by the 

compact magnetograph) should show less fluctuation, but probably not by a 
great deal. 

An upper limit is presumably provided by the observations of shadow bands 
at solar eclipsed These indicate roughly sinusoidal intensity variations of 
about 5% with a wavelength of 5 cm and a speed of about lO"^ cm/sec . After a 
time T (seconds), the peak to peak intensity fluctuations over a 2" aperture 
should be on the order of : 


ii c 

I T 


(4.6) 


To reduce this below the desired photometric noise level of oS * 5 x 
would take T ~ .2 sec. However, only a small part of the shadow band effect 
is thought to be due to genuine transparen^’y variations (they probably mostly 
come from "seeing"). Thus, even though the compact magnetograph could poten- 
tially act as a very sensitive probe of atmospheric inhomogeneities it does 
not seem likely that this will prove a limiting factor. 


4.7 Feasibility of a Doppler ^tode 

The Fabry Perot raagnetograph is not particularly well suited for the 
measurement of solar velocities over prolonged periods because of the confu- 
sion between temperature and velocity signals. The spatially and time-varying 
components of the solar velocity field (5-minuce oscillations and supergranu- 
lation), are expected to have an amplitude of at most a few tenths of a km/sec 
when viewed with a 10 arc sec aperture. According to Section 4.4, this would 
cause shifts of less than 5 mA In the position of the line in the detector 
plane, which in themselves would not be meaningful unless one were confident 
that the temperature of the filter was stable to considerably better than 
0.1‘^C. 

To make useable velocity measurements over any extended time it woul t 
therefore be necessary to use a differential signal based on the relative 
positions of a solar and a telluric line. Since the nearest telluric line to 


is vHU mA ro rhe jredj rhis would roqulra Inoreaslng fhe roverage .vvail- 
.ible fo fhe deferfor from rhi* normal -90 ro +90 mA \ip lo abouf -90 ro +3')0 
nA. This oan easily enough be amomplished by lowering rhe f-number of t*ho 
beam rhrough rhe filrer (l.e., by using a more divergent: beam - of. Figure 
d.da), bur ir would be ar rhe expense of a significanr loss in nvngnerie sensi- 
rivity. For rhe eovernge range indleared above, only abour ^tOfi of rhe area of 
rhe objeerive would be useable for rhe magnerie measuremenr . This means char 
ro aehleve a specified noise level rhe inregrarion rimes would have ro be 
increased by abour 2.5 rimes (for an ideal derecror). For a real derecror, 
rhe increase would he even grearer due ro rhe added imporrance of r’ae fixed 
noise rerms ar low light levels. 

Since rhe solar beam through the filter is expected to have quire small 
physical dimensions, a possible solution to this problem would be to use a 
completely separate beam through a neighboring portion of the filter for 
purposes of temperature control. A suitably tilted and slightly divergent 
lle-Ne laser beam might be used, for example (r£. § 5.3). The success of such 
a scheme would, of course, depend on the temperature changes being reasonably 
uniform over the distance, separating the beams. 

4.3 Klectro-Optic Modulators 

The possibility of using electro-optic modulators in the design has not 
been considered up to this point, both because such devices require high 
voltages, and because they are considered too failure-prone for prolonged 
periods of unattended operation (as on a long spaceflight). 

These failures are primarily associated with the deterioration of the 
transparent electrodes, and for the compact magnetograph this may not be such 
a serious objection. At least with a 10 arc sec sampling aperture, the physi- 
cal size of the light beam is quite small (cf. § 5.4) and if the KDP were 
placed at that point a device with an open-work metallic grid, or even one 
with specially-constructed solid electrodes having a small clear aperture in 
the middle, could be used (the beam passing through a clear point in either 
case) . 

There are obviously many advantages to be gained by substituting an 
electrically modulated crystal for the fixed quarter waveplate (which explains 
why this procedure has been adopted in virtually every successful groundbased 
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ma>>m»ri))j;raph) . The .ulvat\fuy;e« derive primarily from rh« farr rhar rhe modu*- 
lafor reduoea by a farror of rwo rhe number of dereororH whloh are required ro 
moniroc rhe magnerir signal. For example, in rhe design of Figure '5.1, 
insread of using half rhe objerrive so rhar borh rimilar polarizarlons ran be 
monirored simulraneously by physieally sepurare dereerors, wirh rhe KDP rhe 
enrire objerrive would be used alrernarely for rhe rwo olrrulur poXurlfiarions 
and only one dererror would be needed (rhe magnerlr signal being derived from 
rhe AG romponent of irs ourpur). 

This redurrion grearly alleviares rhe requirenenrs on rhe srabiliry of 
rhe dereorors: insread of having rwo separare devires whirh nusr remain 

phor.omerrirally mar.rhed over rhe lengr.h of rhe rnmplere rasrer scan (and over 
rhe variery of lighr levels whirh will be enrounrered) , one has only one 
devire whirh need nor be parrirularly linear nor srable over murh more rhan 
rhe rime ir rakes ro make a single measuremenr. , 

A more subtle, but possibly equally importanr advantage, is that one has 
efferrively doubled the intensity of light (photons/ser ) available to the 
deter tor. As ran be seen from Sertion 4.2.7, if the light level is very low 
to start with, so that the noise originates primarily in the detector rather 
than in the intrinsic photon statistics, the signal derived from a single 
fully illuminated detector will be /l less noisy than that from two partially 
illuminated ones, allowing measurements to be made in half the integration 
time. 

Finally, by being able to use the full aperture one avoids also the 
problems (intrinsic to the two-deteetjr designs) of transient non-uniformities 
(such as shadows, dirt and temperature gradients) being mistaken for magnetic 
signals . 

It should perhaps be noted that by using the KDP one does not give up the 
possibility (described in Sections 5.5 and 5.6) of still further reducing the 
integration times by doubling the light level with a polarizing beam- 
splitter. Although the KJDP itself could obviously not be fabricated in the 
complicated segment quarter waveplate designs of Section 5.5, these patterns 
can be precisely simulated by using a simple modulated ± quarter-waveplate in 
conjunction with a suitable fixed, segmented half-waveplare . 
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') . 1 HaBlf* Two Dereofor Hi^nefoRraph 

In ("ho simplesi’ desl>{n n simplo fwo elv'nujnc dt't't'f t*or is used; 
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Figure 5.1: A compact magne.tograph design using two detectors. The shaded 

portions of the detectors are those on which no light falls. 

A polarizing mask of the variety nhuw’n in Figure 2.4b is used. This design 
provides the optimum trade-off between magnetic signal and detector sensiti 
vity, but sacrifices the capability for continuous temperature monitoring. 

To check the temperature, an ir-;iliiary circular polarizer would be 
inserted in front of the objective lens in eir'aer of two configurations 
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Figure 5.2: Designs employing four detertors. Again, the shaded portions of 

the deter tors are those on whirh no light falls. 
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In Mie first*, design (Figure 5.2a), whirh is a simple variaf:ion of Figure 5.1, 
a small amount of the light is stolen to permit the temperature measurement. 

T- ■ " based on tlu. observation that the temperature signal is raurh larger, and 

it does not needed to be evaluated as frequently. The two small deter- 
.• i.*u D3 and 04 obviously do not make the most effirient use of the reflected 
light, and a more elaborate scheme (involving a diagonal mirror as in Figure 
5.2b) corld be used if necesssary. 

To achieve any fixed noise level, the configuration of Figure 5.2a would 
require a longer integration time than that of Figure 5.1 in direct proportion 
to the amount of light lost by reflection and absorption (i.e., the effective 

I 

t^ransmlssion or quantutn efficiency is lower). 

In the second design (Figure 5.2b) a diagonal mirror is used to physi- 
cally noparaf^e the inner and outer parts of the ring plane image. Either 
version of the polarizing mask could be used, but that of Figure 2.4.1 was 
chosen for clarity. The design suffers from a relatively inefficient use of 
the rectangular detectors which is likely to increase the noise and dark 
current problems. Since the two independent measurements of the field 
strength can be averaged together, the individual measurements can be a factor 
of /r coarser than required in design 5.1, however, the light level is only 
half as much, and for a noise-limited photodiode, according to equation 4.2.7, 
the intrinsic noise level would be twice as great. The upshot is that if the 
same diodes are used in both cases, twice as long an integration time would be 
required to achieve the same noise level. On the other hand, if a photon- 
counting-limited detector were used, no increase in integration time would be 
needed. 

5. 3 A Design Using Only One Wing 

As indicated in Section 3.5.6, and again in Section 4.2.7, there is for 
any line and field strength a reasonable advantage (a factor of 1.5 - 1.75 in 
integration time) to be gained by operating the raagnetograph in one wing 
only. Figure 5.3 suggests one possible de-^ign in which this is done: 
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Figure 5.3; A design using t:he filter in a single wing of the solar line. 

The laser reference source is added for temperature control. 

Since two detectors are used for the magnetic signal, the advantage in inte- 
gration time would be relative to design 5.1, which is already the most effi- 
cient of those suggested so far. The disadvantage of the design is that it 
cannot be used in a Doppler mode and therefore needs some auxilliary means of 
temperature control. In the one suggested, a slightly divergent laser beam is 
used. Since it is unlikely that there will be a bandpass exactly at the 
wavelength of the laser light when the filter temperature is correct for the 
solar i.ine, the laser beam is passed through at an angle. The transmission 
pattern will then be a somewhat flattened annulus whose diameter varies with 
the temperature and whose width depends on the FWHM of the filter. The laser 
light annulus is monitored by the detectors D3 and D4 v/hic.h are connected by a 
servo mechanism to the temperature controller. The operating temperature is 
varied by shifting the lateral position of D3 and D4. The teraperatiir»i control 
requirements are similar to those in the full ring plane mode (Section 4.4). 

An error of 20 mA would decrease the magnetic signal by about 15%. The pro- 
blem is that one would need to have a. table giving the operating position for 
each point on the Sun. 

When using a single wing there should be a slight additional advantage to 
using the blue one, since the absorption core from the undisturbed photosphere 
will be shifted in that direction relative to the profile of the magnetic 
features. Thus, in the blue wing a lower background level will be found at 
the point of maximum magnetic modulation. 
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If t*he laser Idea Is unacceprable, a modlfifat'ion Is possible (rf. 

Serfion 5.b) in whioh a segmenfad quarter-waveplate is plaeed over fhe objeo- 
five and a polarizing prism is used ro produce t-.wo appropriafely skewed bur 
individually collimared beaus which could be passed rhrough rhe Fabry Peror ar 
slightly different angles, one corresponding to the red wing, and the other to 
the blue. Each transmitted beam could then be sampled in the fashion indi- 
cated in Figure 5.3 and they would provide independent estimates of the mag- 
netic field. Temperature information could be extracted from the dif- 

ference in the two total int:nsities, in the same manner as indicated in 
Figure 5.0. 

5 . 4 Clarification of the Designs 

5.4.1 What are the Detectors? 

As indicated in Section 4.2 there are a number or possibilities for what, 
the detectors might be, and the fact that they happen to have been represented 
by two neighboring rectangular areas does not mean to imply that the PIN- 
Spot/2D detector has been chosen. Figure 5.4.1a illustrates a number of ways 
in which combinations of photodiodes or photomultipliers could be used to 
equivalently sample the, detection sectors; 



They could equally well be portions of the CID image plane, either obtainea by 
softv;are by summing over the appropriate pixels, or by a hardware modifica- 
tion: 
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I'ii'jUre ‘J.^.lb: An electronic modification of the CIU to obtain a detector 

pair. 


') . . 2 How Lar^e are Tl^ey? 

The figures are also somewhat unclear in that they seem to show the 
detectors as being about the same site as the objective lens. In fact, the 
actual physical dimensions are likely to be extremely small (cf. Table 4.2.4 
and Figure 4, 2. 2d). For example, to provide a scale one mtgh*' note that for a 
2" objcrtive and an f/45 beam the actual size of the 10 arc second field atop 
would be about 0.1 mm. The ring plane image will be larger, of course, depen- 
ding on how far back is is placed. If too large, it can be reduced down to 
the site of the detectors by means of an additional converging lens. On the 
other hand, it is desireable for the polarization analyzer to really be of 
reasonable size, so that it can be easily fabricated. This can be accom- 
plished by placing it in a more appropriate position (such as in front of the 
objective), or by adding even more lenses. 

5 . 5 Reciprocity Between Polarolds and Waveplates 

For purposes of clarity, ii\ all the figures the polarization analyzer has 
been shown as consisting of the combination of a single simple quarter wave- 
plate and a segmented polaroid. While this is much easier to draw, this 
configuration is optically completely equivalent to a segmented quarter wave- 
plate followed by a single simple polaroid: 
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I'igure 5.'j: Demoasrrai'.lon of ceoiprortf.y between polarotvis and >piarter- 

waveplates. The configurations on right and Left are optically equivalent. 


5. b A tlethod for Doubling the Light Level 

In the designs of Sections 5.1 thru 5.3 half of the light incident on the 
objective is lost by absorption in the polaroid element of the polarization 
analyzer. If we use the concept of Section 5.5, that element could as easily 
as not be a single simple sheet of linear polaroid; and if that is the case it 
could equally well be a polarizing beam splitter, in which case both the 
transmitted and the reflected beams would provide complementary and equally 
useable polarized riitg-plane images. Figure 5.6 indicates how this modifica- 
tion could be applied to design 5.1, in which the simple polaroid has been 
replaced by a segmented quarter-waveplate of the configuration shown in Figure 
5.5b cemented to a suitably oriented polarizing beamsplitter. 
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Figure 5.6: Design 5.1 modified ho permih dual, simulhaneous focal plants. 

If hhere are no losses in hhe beamsplihher, hhe noiseness of hhe averaged 
measurement would be /T better than that for either focal plane separately, 
which means that the integration time could be reduced by a factor of 2. If 
the detectors were of the noise-limited variety governed by equation 4.2.7, 
and if it were possible optically to invert and superimpose the two focal 
plane images on the same detector, so that the intensity as well as the light 
level is increased by a factor of 2, then an even greater improvement in 
integration time could oe realized (up to a factor of 4). 

A further advantage of the bearasplit design is that erroneous signals due 
to non-uniformities over the aperture (shadowing, temperature gradients, 
fingerprints and atmospheric effects) will tend to appear in the two channels 
with opposite signs, and therefore cancel in the average. 
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Coni' lusiorm 


ti . 

1. The basil' oufJook, for fhe suroeas of a roinpai'f Fabry Perot* magnefo- 
i'raph is favorable. 

2 . Although PurrenfXy referred t*o as a "t-eleoenfrii’" system^ rhe only 
I'orreefor lens whirh Is likely ro be needed is rhe one ro re-image rhe objeo- 
rive> and rhar only in rases where (ro aoromodare rhe dererrors) ir is 
desired ro have a final "ring plane" image smaller rhan, or oomparable in size 
to rhe field srop (§ 2.1). 

Of rhe speorral lines whirh mlghr be used in rhe visible, .\b3n2 seems 
ro be abour as good as any, and muoh berrer rhan some whirh have been used 
surressfully in rhe pasr (X5324). The only betrer lines, ar leasr among rhe 
simple 2eeman rriplers, seem r.o be in rhe infra-red (S§ 3.5 & 4.2.7). 

4. Efforrs ro supress the filter wings help slightly in improving the 
magnetlr response; however, atXb302, for a given signal to noise, the existing 
filter pair is already within 2.8X of the ultimate Integration time whioh 
could be achieved with a perfectly square bandpass. The Iloya filters, if 
successful and combined incoherently would be within 1.6X of it (finesse ■ 

20). If combined coherently they would presumably be slightly closer still 

(§ 3.5.3). 

5. If the position of the line center must be monitored to maintain 
temperature control, then at 6302 the best magnetic response can be obtained 
by having the objective lens (and hence the ring plane "image") correspond to 
a wavelength range of approximately ± 90 mA about line cen-ter, which dictates 
a beam of about f/45 through the filter. Portions of the objective lens 
transmitting light outside this band (and also within ± 10 mA of line center) 
are counter-productive, and would be rejected at the detector, if present 

(§ 3.5.2). 

6. If the temperature can be monitored separately, the f-nuraber could be 
increased (i.e. the beam made more parallel) so the whole objective would be 
used near the point of maximum sensitivity in one wing of the line. This 
would reduce the integration times required for a fixed signal-to-noise by 
about a factor of 1.5 - 1.8 (§§ 3.5.6 and 4.2.7). 

7. On the other hand, it might for some purposes by desireable to de- 
crease the f-number (i.e. make the beam more divergent) so that one of the 
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lUMCby felLurii’ lines nould be used as an absolufe velorlfy reference. This 
wniiiil require u minimum specrral ranKC of abour aOO mA, which would rediice rhe 
li>’,h*’ available far magneric measurement's and increase rhe inregrafion rimes 
by a i"acrf>r of 2 ro 5, depending on rhe derecrors (§ A. 7). A berrer way ro 
m.ike velociry mensuremenrs would be ro use a separare remperarure moniroring 
sysrem (S§ 4.7 and 5.3). 

8. The major source of uncertainries regarding the predicred performance 
of the instrument are (a) knowledge of the true weak field configuration or 
the sun; and (b) uncertainties regarding the behavior of the spectral lines in 
the unresolved magnetic elements (§§ 3.1 and 3.5.5). 

9. Nonetheless, it is clear that the basic prob.i.em is not so much what 
is or how to improve the expected signal, but rather, how to efficiently 
sample and process it. At 6302, the expected magnetic signal corresponding to 
the lowest contours on the Mount Wilson daily magnetograms ("5 gaus") la about 
2 X 10 ^ (Table 3.5.3b). We would like to be able to detect tliis with a 
signal to noise of 4, that is, with a noise level of about 5 x 10”^ 

(§ 3.4.2). With a 2 inch aperture, a 10 arc sec sampling area, and optmistic 
assumptions about the obtainable atmospheric and optical transmissions 
(§ 3.4.3) we would expect to have, in the optimum ring-plane mode, a light 

Q 

level of about 1 x 10° photons/sec for each circular polarization (using half 
of the objective). With an ideal detector, the desired noise level could be 
coached in about .02 seconds (Table 3.5.3b). 

10. Actual detectors will be limited by quantum efficiency and noise. 

If the detector is in a quantum efficiency (photon statistic) limited mode, 
the 'integration times required will be in (Inverse) proportion to the light 
level. In the noise limited regime (very low light levels), the integration 
times are (Inversely) proportional to the square of the light level. The 
behavior of the CID is even more ccmplicated because the effective quantum 
efficiency depends on the charge level. In general, the best results, both 
from the standpoint of noise and dark current will be achieved by using detec- 
tors of the smallest possible physical irea. For available detectors, even if 
the design is modified towards higher light levels at the expense of signa’ 
strength, the best achievable integrati m times are about an order of magni- 
tude larger than the ultimate ones (’) -.2). 
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11. In gejier>il, poBalhly tor purposes of sei*-up and denonsrra- 

rlon, a oomplere ring-plane derer'flon aygrem would nor be required. Hy appro- 
prlare eholt'a of rhe polari?,arlon analyzing mask, only rwo simple dcrecrors 
would be required ro measure lungirudlnal magnerif' field arrengrlis, .ind four 
ro exrraer borh remperarure and magnerlo laformation ( {i 2.4 .ind^'3), 

12. i)ne projeor of modest buienrifle Interesr whioh eould be performed 
using the basie eompaet magnetograph with a full ring-plane eonf Igurarion and 
<’.1D deteetor would be rhe simultaneoua measurement of the srrengrh of elmilar 
polarization throughout a line profile; whieh would require a mueh longer 
integration time and/or larger aperture. If the sampling area is suf fie lent ly 
small, the shape of the imignetloally disturbed profile ran be inferred, fivon 
for large sampling areas, regions in which the majority of the field is above 
about 1500 gauss would show a distinctive signature. It is difficult to see, 
however, how these results would improve over those which could be obtained by 
the microdensitometry of photographic spectra obtained simultaneously in the 
two circular polarization, 

13. 'fhe temperature-monitoring probleros do not seem ro oe us severe as 
might be imaged. At X6302, signals of as large as ~ lOr; (=! 0.5°C) could be 
allowed to develop without noticeably affecting the magnetic sensitivity 

(§ 4.4). 

-rbv; 

14. Because of ^intensity-dependence of the relative detector noise 
Icvclc, not all focal plane configurations are equivalent. To achieve the 
optimum integration time, care should be taken to make the most efficient 
possible use of the available light, and to minimize the number of detectors, 
particularly if photodiodes are used (§ 5). 

15. The Introduction of a KDP crystal to modulate the magnetic signal 
would offer many potential advantages, both in terms of reducing the number 
and complexity of the detectors, and in alleviating the possibility of extra- 
neous imbalances. The disadvantages are minimal, and it would seem that this 
option should be reconsidered (§ 4.8). 

16. In all cases, the efficiency can be improved by substituting 
polarizing beam-splitters for the polaroid elements. In effect, two indepen- 
dent focal planes are created, the results from which can be averaged (§ 5.6). 
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I/. It spaMal rertolutioii is nor a primary oon<'«rn> rho liynamli' o 

rlie me.i.surt»menra (for a )<lver\ Inre.j^rarion rime) imi\ be in<'teii«e4 I'onalderably 
if n ’.ir;n«r sampling aperrure is used, parrltuilarly for pUoroiii'nie uererrors 
C§ 3.t)), An inoT'case In rUe slxe ot rhe ohjeorive would have .i similar 
at feet. 
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MECHANICAL SPECIFICATIONS 


SPECIFICATION 

PIN.Spot/2D 

PIN-Spot/4D 

Active Arca/Element 
Area (cm^ ) 

0.032 

0.016 

Dimensions (in.) 

0.05x0.1 

0.05x0.05 

Package 



Type 

TO-5 

TO-5 

Window 

Glass 

Glass 

Field of View 
Full Angle 

96^^ 

96^^ 

Temperature Range 
Operating (°C) 

-55 to +125 

-55 to +125 

Storage ('^O 

-55 to +125 

-55 to +125 


OUTLINE DIMENSIONS 

PIN-SPOT/2D 
ACTIVE 
, AREA 
0.05'^xO.l" 

PER 

ELEMENT 



PIN-SPOT/4D 

ACTIVE 
AREA 

’0.05" xO.05" 
PER 

ELEMENT 



GAP 

005" 


SCHEMATIC DIAGRAMS 


^ 

1 

3 


= 

,182 

- 


r- 

[I I 
i 

i 



X , 


WINDOW 
TO ACTIVE 
AREA 0.109" 


M.5H 


WINDOW 
TO ACTIVE 
AREA 0.109' 




TYPICAL CONNECT'ONS FOR PIN-SPOT/4D 
TO MOi •'■lED UDT 301A AMPLIFIER' 



OUTPUT 

SIGNAL 


TYPICAL CONNECTIONS FOR PIN-SPOT 2D 

~ SINGLE AXIS DETECTOR TO UDT301A AMPLIFIER 

- 


•AMPLIFIER BIAS POLARITY MUST BE CHANGED 


SPECIFICATIONS SUBJECT TO CHANGE WITHOUT NOTICE 
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Data Shaft No. 9F010 


LOW .NOl.se ■ 


PIN SILICON PHOTODIODE 
ULTRA LOW DARK CURRENT 
ULTRA LOW NOISE 




Description 

The UDT Low Noise Series {Model 020 A, B and 
Model 040A, B) of PIN photodiodes offer the lowest 
leakage current and lowest noise on the market. They 
are planar passivated and hermetically sealed. The 
detector active element is electrically isolated from 
the case. 


The quantum detection efficiency is constant over 
ten decades of light intensity, providing a linear out- 
put current signal with input light level. The speed of 
response is less than 5 nanoseconds, allowing the 
observation of laser pulses of a few nanoseconds, The 
frequency response extends from dc to over 100 MHz. 
Both biased (photoconductive) and unbiased (photo- 
voltaic) operation give excellent results with this 
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• 50x10-''2 a leakage (PIN-^'20A) 

• 200 x 10~^^ A leakage (PIN-040A) 



UNIQUE \ 


• 6 X 10"'' ^W N.E.P, (PIN-020A) 



FEATURES / 

> 

• Planar Passivated 


1>* 

/ 
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h 
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k., .. 

• Hermetically Sealed TO-18 Metal Can 

• Photodiode Isolated from Case 
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Applications 

Because of their unrivaled low leakage current and tow noise, 
these devices are especially suited to low light level detection 
systems. They are currently being used in star trackers, earth 
resources scanners, and spectrophotometers, 

Specials 


0.4 0.6 0.8 1.0 1.2 

WAVELENGTH (MICRONS) 


PH (MICRONS) leakage characteristics of these devices can be built 

into many custom array geometries by UDT. 

PIN SILICON PHOTODIODE ULTRA LOW DARK CURRENT ULTRA LOW NOISE 
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ELECTRICAL AND OPTICAL CHARACTERISTICS 



Pin-020A 

PlnT)20B 

Pin-040A 

Pin-040B 

Unit* 

Dark Currant " 

Min Typ Max 

Min Typ Nkx 

Min Typ Max 

Min Typ Max 


-5V 

60 160 

800 

200 400 

4000 

pA 

-10 V 

76 260 

1000 

300 600 

6000 

pA 

Responsivitv P«ak 

r 

,42 

.42 

.42 

.42 

A/W 

N.E.P. 






1000 c.p.s. Center 






1 c,p4. Bandwidth 






1-5 V Bias 

6x10"^® 

2x 10”^^ 

10“’^ 

9x 10“’'' 

W 

8500 A 






Capacity 






-5 V 

5 

5 

20 

20 

PF 

-10 V 

4 

4 

16 

16 

pF 

-20 V 

3 

3 

12 

12 

pF 

Rest)onsa Time 






20 V, 50 n 

6 

5 

5 

5 

ns 

\ Maximum Steady 






Reverse Voltage 

25 

25 

25 

25 

V 

Active Diameter 

.020 

.020 

.040 

.040 

in. 

Active Area 

2 X 10"^ 

2 X 10-^ 

8x 10“^ 

8x 10"^ 

cm^ 
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APPENDIX 


Line and Maj^netos^eph Characteriscic! 


original B 

OF POOR QUALITY 


I'up>>liir i?ani 3250 P rof llt>« 

{^a) J , Harvey & K.C. Livingston "Musnotograph Measurements 

with Temperature Sensitive Lines", S olar Phvs . 10, TB3, 


1 



'V ' T« ' a-: 

rig 2. Douhlo-pas'* phoioeicciric scans of 5250 22 A ilcfn anO 5250.P5 A (right) wiih one 
second rosoiulion In region:) with various longitudinal magnctic-ticld strengths us measured 
5372.7 Aline and given in units of puss. It is very Iikeiv that the 5373.'’ A line is tempvf'***;*^ 
sensitive and therefore the magnetic licld*> are probably underestimated by a factor of two or 


(b) G.i\. Chapman & N.R. Sheeley, Jr. (1977); "An Improved Measurement 

of a Spectrogram of a *Gap*", Solar Phvs . 51 , 61. 
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Fig 2 The spectrum of the quiet Sun and the gap* covering the region from 52'^'’ \ to 525? A m three 
parts The facuiar spectrum is shilled upwardi b> 0,2 m / /, for cianiv. The vsaselongth vale is 0 5514 A 
between each large tick mark on the abscissa and runs lefi to right on each The arrows indicate the correct 

scale for that portion of the spectrum 
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Inferred Sing 1 e-* Co;npi>nyn t: Pro flit? f Har vt^y and Living g to i;i ( 19 h 9 ; 

f.basad nu a weak-liLda iut:errro,t:vit:ion.') 
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> 4 <^oTio of the slope of the 5Z50.- A line profile in ncm-magnciic regions w ihe slope in 
r^riiks as a function of the position of the magneiograph exii slit. This is the factor by 
wh*.h <asc longitudinal magnetic measurements with Babcock-type magnetographs should be 
to correct for line profile changes in magnetic regions outside of sunspots. 
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Half - width (mA) 

Fig. 3. One half of the width of the 5250.2 A line as a function of intensity relative to the kv> 
continuum in (b) and out (a) of magnetic regions. Curve fa) is derived from direct observatu-' 
Cur.c tb) is derived indirectly (iCe text). About 67 of the magnetic region line profiles fall 

the range indicated about curve (b). 
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4 » Kiflcit*nay ot an Aetii al Ma^net os^raph 
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6 0)h' 'i» do the photons go? Measured transmission 

td^^icoptt. spectrograph, and accompanying magnetograph. 


(b) W.C. Livingston, J, Harvey, C. Slaughter, D. Trumbo (1976): 
"Solar Magnetograph Employing Integrated Diode Arrays," 
Applied Optics 15 , 40, 


Tabli !l. Optical Transmission at Xo.8688 pm 


Elcmcn*: 

Transmission 

(Total) Trans. 



0.40 

Ki-’-r . 

0.90 


RC, 

0.9 :] 


’• 4 : ' 

0.912 


M.s; ; 

0.45 


*r '• . T n analyzer) 


0.34 


0.97 


Ltt.vr.. ..r.s 

0.S2 X 0.82 


lirnt 

0.45 




0.29 

Kx:t 

0.90 


i!" ’ • - i 

O.'^o 


T".:” 

0,92 


. . . .nbly ) 


0.70 

Tsrs.n ■ • . 


0.023 

^ 5. 


'■ H- 1 .jacion effect not removed. 
• F-'v. manufacturer’s data. 



In rh« first design (Figure 5.2s), whirh is a simple variation of Figure 5.1, 
a small amount of the light is stolen to permit the temperature measurement. 

It is based on the observation that the temperature signal is murh larger, and 
t it does not needed to be evaluated as frequently. The two small detec- 
ts D3 and D4 obviously do not make the most efficient use of the reflected 
ight, and a more elaborate scheme (involving a diagonal mirror as in Figure 
5.2b) could be used if necesssary. 

To achieve any fixed noise level, the configuration of Figure 5.2a would 
require a longer integration time than that of Figure 5.1 in direct proportion 
to the amount of light lost by reflection and absorption (i.e., the effective 
transmission or quantum efficiency is lower). 

In the second design (Figure 5.2b) a diagonal mirror is used to physi- 
cally separate the inner and outer parts of the ring plane image. Either 
version of the polarizing mask could be used, but that of Figure 2.4.1 was 
chosen for clarity. The design suffers from a relatively Inefficient use of 
the rectangular detectors which is likely to increase the noise and dark 
current problems. Since the two independent measurements of the field 
strength can be averaged together, the individual measurements can be a factor 
of /r coarser than required in design 5.1, however, the light level is only 
half as much, and for a noise-limited photodiode, according tj equation 4.2.7, 
the intrinsic noise level would be twice as great. The upshot is that if the 
same diodes are used in both cases, twice as long an integration time would be 
required to achieve the same noise level. On the other hand, if a photon- 
counting-limited detector were used, no increase in integration time would be 
needed. 

5.3 A Design Using Only One Wing 

As indicated in Section 3.5.6, and again in Section 4.2.7, there is for 
any line and field strength a reasonable advantage (a factor of 1.5 - 1.75 in 
integration time) to be gained by operating the magnetograph in one wing 
only. Figure 5.3 suggests one possible design in which this is done: 
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Heater control 



Figure S.3: A design using the filter in a single wing of the solar line. 

The laser reference source is added for temperature control. 

Since two detectors are used for the magnetic signal | the advantage in inte- 
gration time would be relative to design 5.1, which is already the most -effi- 
cient of those suggested so far. The disadvantage of the design is that it 
cannot be used .In a Doppler mode and therefore needs some auxilliary means of 
temperature control. In the one suggested, a slightly divergent laser beam is 
used. Since it is unlikely that there will be a bandpass exactly at the 
wavelength of the laser light when the filter temperature is correct for the 
solar line, the laser beam is passed through at an angle. The transmission 
pattern will then be a somewhat flattened annulus whose diameter varies with 
the temperature and whose width depends on the FWHM of the filter. The laser 
light annulus is monitored by the detectors D3 and D4 which are connected by a 
servo mechanism to the temperature controller. The operating temperature is 
varied by shifting the lateral position of D3 and DA. The temperature control 
requirements are similar to those in the full ring plane mode (Section 4. A), 

An error of 20 mA would derrease the magnetic signal by about 15Z. The pro- 
blem is that one would need to have a. table giving the operating position for 
each point on the Sun. 

When using a single wing there should be a slight additional advantage to 
using the blue one, since the absorption core from the undisturbed photosphere 
will be shifted in that direction relative to the profile of the magnetic 
features. Thus, in the blue wing a lower background level will be found at 
the point of maximum magnetic modulation. 


I 




If the laser idea Is unacceptable, a oodlf teat ion Is possible (cf* 

Section 5.6) In which a segraented quarter-waveplate Is placed over the objec- 
tive and a polarizing prism Is used to produce two appropriately skewed but 
Individually collloiated beams which could be passed through the Fabry Perot at 
slightly different angles, one corresponding to the red wing, and the other to 
the blue. Each transmitted beam could then be sampled In the fashion Indi- 
cated In Figure 5.3 and they would provide Independent estimates of the mag- 
netic field. Temperature Information could be extracted from the dif- 

ference In the two total Intensities, In the same manner as Indicated In 
Figure 5.6. 

5.4 Clarification of the Designs 

5.4,1 What are the Detectors? 

As Indicated In Section 4.2 there are a number of possibilities for what 
the detectors might be, and the fact that they happen to have been represented 
by two neighboring rectangular areas does not mean to Imply that the PIN- 
Spot/2D detector has been chosen. Figure 5.4.1a Illustrates a number of ways 
In which combinations of photodiodes or photomultipliers could be used to 
equivalently sample the detection sectors: 



Figure 5.4.1a: Four practical possibilities for the detector pairs. 


They could equally well be portions of the CID Image plane, either obtained by 
software by summing over the appropriate pixels, or by a hardware modifica- 
tion: 
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Figure 5.4.1b: An elertronir modlflraMon of the CID to obtain a detertor 

pair. 


5.4,2 How Larue are Thev? 


The figures are also somewhat unrlear in that they seem to show the 
detectors as being about the same size as the objective lens. In fact, the 
actual physical dimensions are likely to be extremely small (cf. Table 4.2.4 
and Figure 4, 2. 2d). For example, to provide a scale one might note that for a 
2** objective and an f/45 beam the actual size of the 10 arc second field stop 
would be about 0.1 mm. The ring plane image will be larger, of course, depen- 
ding on how far back is is placed. If too large, it can be reduced down to 
the size of the detectors by means of an additional converging lens. On the 
other hand, it is desireable for the polarization analyzer to really be of 
reasonable size, so that it can be easily fabricated. This can be accom- 
plished by placing it In a more appropriate position (such as in front of the 
objective), or by adding even more lenses. 


I 5 Reciorocitv Between Polaroids and Waveolates 


For purposes of clarity, in all the figures the polarization analyzer has 
been shown as consisting of the combination of a single simple quarter wave- 
plate and a segmented polaroid. While this is much easier to draw, this 
configuration is optically completely equivalent to a segmented quarter wave- 
plate followed by a single simple polaroid: 
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Figure 5.5: Demonsr rat Ion of rerlprorlty between polarolda and quarter- 

waveplates* The ronf igurat Ions on right and left are optlrally equivalent 


3.6 A Method for Doubling the Light Level 

In the designs of Sections 3*1 tnru 3*3 half of the light incident on the 
objective is lost by absorption in the polaroid element of the polarization 
analyzer. If we use the concept of Section 3.3| that element could as easily 
as not be a single simple sheet of linear polaroid; and if that is the case it 
could equally well be a polarizing beam splitter, in which case both the 
transmitted and the reflected beams would provide complementary and equally 
useable polarized ring-plane images. Figure 3.6 indicates how this modifica- 
tion could be applied to design 3.1, in which the simple polaroid has been 
replaced by a segmented quarter-waveplate of the configuration shown in Figure 
3.3b cemented to a suitably oriented polarizing beamsplitter. 
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Figure 5.6: Design 3*1 modified to permit dual, simultaneous focal planes* 

If there are no losses in the beamsplitter, the noiseness of the averaged 
measurement would be better than that for either focal plane separately, 
which means that the integration time could be reduced by a factor of 2* If 
the detectors were of the r^oise-limited variety governed by equation 4.2.7, 
and if it were possible optically to Invert and superimpose the two focal 
plane images on the same detector, so that the intensity as well as the light 
level is increased by a factor of 2, then an even greater improvement in 
integration time coul be realized (up to a factor of 4). 

A further advantage of the beamsplit design is that erroneous signals due 
to non-uniformities over the aperture (shadowing, temperature gradients, 
fingerprints and atmospheric effects) will tend to appear in the two channels 
with opposite signs, and therefore cancel in the average. 
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0. Coar luilons 

1. Th« ba«lr outlook for the turrett of a rompart Fabry Perot aiagneto* 
graph is favorable. 

2. Although rurrently referred to as a "telerent rlc** system^ the only 
rorrertor lens which is likely to be needed is the one to re*image the objec- 
tive, and that only in rases where (to arroraodate the detectors) it is 
desired to have a final **ring plane** image smaller than, or comparable in size 
to the field stop (t 2.3). 

3. Of the spectral lines which might be used in the visible, \6302 seems 
to be about as good as any, and much better than some which have been used 
successfully in the past (X5324). The only better lines, at least among the 
simple Zeeman triplets, seem to be in the infra-red (§i 3.3 & 4.2.7). 

4. Efforts to supress the filter wings help slightly in improving the 
magnetic response; however, atXb302, for a given signal to noise, the existing 
filter pair is already within 2.8X of the ultimate integration time which 
could be achieved with a perfectly square bandpass. The Hoya filters, if 
successful and combined incoherently would be within 1.6X of it (finesse * 

20). If combined coherently they would presumably be slightly closer still 
(J 3.5.3). 

3. If the position of the line center must be monitored to maintain 
temperature control, then at 6302 the best magnetic response can be obtained 
by having the objective lens (and hence the ring plane **image**) correspond to 
a wavelength range of approximately t 90 mA about line cem-er, which dictates 
a beam of about f/45 through the filter. Portions of the objective lens 
transmitting light outside this band (and also within t 10 mA of line center) 
are counter-productive , and would be rejected at the detector, if present 
(5 3.5.2). 

I '■* ^ 

6. If the temperature can be monitored separately, the f-number could be 
increased (i.e. the beam made more parallel) so the whole objective would be 
used near the point of maximum sensitivity in one wing of the line. This 
would reduce the integration times required for a fixed signal-to-noise by 
about a factor of 1.5 - 1.8 (S4 3.5.6 and 4.2.7). 

7. On the other hand, it might for some purposes by desireable to de- 

j crease the f-number (i.e. make the beam more divergent) so that one of the 
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nearby tallurlr lines could be used aa an abaolute veloclfy reference. This 
would require a minimum apecfral range of about 400 mA^ which would reduce the 
light available for magnetic measurements and Increase the integration tines 
by % factor of 2 to 5, depending on the detectors (i 4,7). A better way to 
make velocity measurements would be to use a separate temperature monitoring 
system (Si 4,7 and 5*3). 

8, The major source of un«^ertaint ies regarding the predicted performance 
of the instrument are (a) knowledge of the true weak field configuration on 
the sun; and (b) uncertainties regarding the behavior of the spectral lines in 
the unresolved magnetic elements (iS 3,1 and 3.S.S). 

9, Nonetheless » it is clear that the basic problem is not so much what 
is or how to improve the expected signali but rather, how to efficiently 
sample and process it. At 6302, the expected magnetic signal corresponding to 
the lowest contours on the Mount Wilson daily magnetograms (**5 gaus**) is about 
2 X 10*^ (Table 3.5.3b). We would like to be able to detect this with a 
signal to noise of 4, that is, with a noise level of about 5 x 10*^ 

(S 3.4,2). With a 2 inch aperture, a 10 arc sec sampling area, and optmistic 
assumption.i about the obtainable atmospheric and optical transmissions 
(§ 3.4.3) we would expect to have. In the optimum ring-plane mode, a light 

Q 

level of about 1 x 10 photons/sec for each circular polarization (using half 
of the objective). With an ideal detector, the desired noise level could be 
ccsicheo in about ,02 seconds (Table 3.3.3b). 

10, Actual detectors will be limited by quantum efficiency and noise. 

If the detector is in a quantum efficiency (photon statistic) limited mode, 
the integration times required will be in (Inverse) proportion to the light 
level. In the noise limited regime (very low light levels), the integration 
times are (inversely) proportional to the square of the light level. The 
behavior of the CID is even more complicated because the effective quantum 
efficiency depends on the charge level. In general, the best results, both 
from the standpoint of noise and dark -•urrent will be achieved by using detec- 
tors of the smallest possible physical area. For available detectors, even if 
the design is modified towards higher light levels at the expense of signcl 
strength, the best achie.^able integration tines are about an order of magni- 
tude larger than the ultimate ones (5 -.2). 


11* In eKrupt potilbly for purpottt of i«i:*up 4nd domonifra* 

tlon, a romplot# rlng*plan« dttorrlon tystom would not b# roqulrod. By appro* 
prla**a rholca of tha polarization analyzing maak» only two aiapla datantora 
would ba raquirad to maaaura longitudinal magnatic fiald tcrangthii and four 
to axtrart both taaparatura and magnatic information ( i 2*4 and^S)* 

12* Ona projact of modaat aciantific intaraat which could ba parformad 
uaing tha baaic compact magnatograph with a full ring*plana conf igurat ion and 
CID datactor would ba tha aireultanaoua maaauramant of tha atrangth of circular 
polarization throughout a Una profile; which would require a much longer 
integration time and/or larger aperture. U tha sampling area is sufficiently 
smalU ^be shape of tha magnetically disturbed profile ca^ ba inferred. Even 
for large sampling areas^ regions in which the majority of the field is above 
about 1500 gauss would show a distinctive signature. It is diffi'^ult to see, 
however, how these results would improve over those which could he obtained by 
the microdensi tomet ry of photographic spectra obtained simultaneously in the 
two circular polarization. 

13. The temperature-monitoring problems do not seem to be as severe as 
might be Imaged. At X6302, signals of as large as lOX (• 0.5^0 could be 
allowed to develop without noticeably affecting the magnetic, sensitivity 

(i 4.4). 

14. Because of '^intensity-dependence of the relative detector noise 
levels, not all focal plane configurations are equivalent. To achieve the 
optimum Integration time, care should be taken to make the most efficient 
possible use of the available light, and to minimize the number of detectors, 
particularly if photodiodes are used (t 3). 

15. The introduction of a KDP crystal to modulate the magnetic signal 
would offer many potential advantages, both in terms of reducing the number 
and complexity of the detectors, and in alleviating the possibility of extra- 
neous Imbalances. The disadvantages are minimal, and it would seem that this 
option should be reconsidered (5 4.8). 

16. In all cases, the efficiency can be improved by substituting 
polarizing beam-splitters for the Polaroid elements. In effect, two indepen- 
dent focal planes are created, the results from which can be averaged (5 5.6). 
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17. If «p«tlal rasolutlon la not a primary ronrarn, eha dynamlr rang# of 
rha naaauramanta (for a glvan Intagratlon tlma) ran ba Inrraaaad ronaldarably 
If a largar aampllng apartura la uaad, partlrularly for photodloda datartora 
(t 3.b). An Inrraaaa In tha alza of rha objarelva would hava a almllar 
affacc. 
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POSITION SENSING DETECTORS 
PIN Spot/2D.Spot/40 


UNIT€D OereCTOR TECHNOLOGY INC 


LDT*i **Spoi** Krifi poiiiion wniori arc bi-icll or quadrant 
dfifctori idtally luited for a wtdf ringc of nulling and 
centtring applicationi 

TY)f dtvicti coniiii of two or four diwrett f It manti on a iingl# 
lubttratr with an active output lead from each element. When 
a light beam ii centered on the detector (null or center 
petition II the interiection of active elementi) output current 
from each quidrant ii equal. At the beam movei. current 
imbalance indicatei off-center petition. Thete devicet exhibit 
excellent viability over time and temperature, high 
retnoniivity and fait retpooie timet necettary for pulte 
operation 

Tlie PIN Spot/2D it a ungle axit petition tenter with iwo 
ditcrete elementi. The PIN-Spot/4D quadrant detector ii ideal 
for lyitemt allowing light movement in two axei. 


FEATURtS: 


Broad frequency retponie 
Fait riie time 
Low capacitance 

High accuracy, long term itability 
of null poiition 
Eaiy hookup 



APPLICATIONS: 


Lent manufacturing 
Feedback control lyitemt 
Guidance t>ttemr 
Liter alignment 
Machine tool alignment 
Targeting 

Procett machinery alignment 
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ELECTRICAL CHARACTERISTICS 

^ PINSp««/:i> 


P\K\METER AMHLMTSl 
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MECHANICAL SPECIFICATIONS 


SPECIF ICATION 

Active Area/Element 

Area (cm^ ) 

Dimensions (in.) 

Pac kage 

Type 

Window 

Field of View 
Full Angle 
Temperature Range 
Operating (^C) 
Storage (^O 


PIN-Spot/2D ! PIN SpoiMD 


-55 to-t -125 
-55 totliS 



■55 to +125 
-55 toi -125 


V OUTPUT 

signal 


H OUTPUT 

Signal 


TYPICAL CONNECT’ONS PO« PIN SPOT 40 
TO MO't ‘^lED UDT 301A AMPLIFIER* 


•AMPLIFIER BIAS POLARITY MUST BE CHANGED 


OUTLINE DIMENSIONS 

g PlNSPOT/20 

^ ACTIVE I 

AREA 

0 05"K0.r I 

/ )) PER 

Jr FLEMENT I | 
GAP f — 

005" ’’ 

- PIN SPOT /4D 


WINDOW 
TO ACTIVE 
AREA 0 109" 



ACTIVE 

AREA 

0 05" « 0 05" 
PER 

ELEMENT 


182 1^1 

nh 


WINDOW 
. TO ACTIVE 
AREA 0 109" 


SCHEMATIC DIAGRAMS 


, OUTPUT 

signal 


I TYPICAL CONNECTIONS FOR PIN-SPOT 20 
~ SINGLE AXIS DETECTOR TO UDT 301A AMPLIFIER 


SPECIFICATIONS SUBJECT TO CHANGE WITHOUT NOTICE 
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D«tt SH«tt No. 9^010 



A leakage (PIN-020A) 
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A leakage (PIN-040A) 
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• Planar Passivated 
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• Hermericallv Sealed TO* 18 Metal Can 


Photodiode Isolated from Case 


LOW NOISE SERIES 


UNITED DETECTOR 


TECHNOLOGY INC. 


PIN SILICON PHOTODIODE 
ULTRA LOW DARK CURRENT 
ULTRA LOW NOISE 


Description 


The UOT Low None Series (Model 020 A. B arxl 
Model 040A. B) of PIN photodiodes offer the lowest 
leakage current and lowest noise on the market.They 
are planar passivated and hern.etically sealed. The 
detector active element is electrically isolated from 
the case. 


The quantum detection efficiency is constant over 
ten decades of light intensity, providing a linear out- 
put current signal with input light level. The speed of 
response is less than 5 nanoseconds, allowing the 
observation of laser pulses of a few nanoseconds. The 
frequency response extends from dc to over 100 MHz. 
Both biased ( photoconduct ive) and unbiased (photo- 
voltaic) operation give excellent results with this 


0.4 0.6 0.8 1.0 1.2 

WAVELENGTH (MICRONS) 


Applications 


Because of their unrivaled low leakage current and low noise, 
these devices are especially suited tc low light level detection 
systems. They are currently being used in star trackers, earth 
resources scanners, and spectrophotometers. 

Specials 

The low leakage characteristics of these devices can be built 
into many custom array geometries by UDT. 


PIN SILICON PHOTODIODE ULTRA LOW DARK CURRENT ULTRA LOW NOISE 

iTlifl UNITED DETECTOR TECHNOLOGY INC. 

>1 264J 30TH STREET. SANTA MONICA CA 90405 • TELEPHONE (213) 450-8585 • TELEX 65-2413 
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Line and Magnecograph Characteristics 
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Unpolarlzeii 5250 Profll»« 

(a) J. Harvay & W.C. Livingston (1969); "Magnctograph Msasurcmancs 
with Tampsraturs Sansltiv« Llnss", Sola:- Phys. 10, 283. 
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•.*5 3 *'? I . • • .*10 

Fig 2 . Doublc-piiif phoioglcctric wani ol* 52JO 22 A dcfn and 5230 65 K uigho \6iih 
second rooiudon in rcgioni ^ith vanoui longitudinal nugnetic*rtcld itrengih^ a% mcaiuicd 
53^3 T A lin< and given in units ol* gauss It is verv likcK that the 5373.'^ \ line is temP^^-*'** 
sensitive and therefore the magnetic hcld^ are pfohabi) underestimated by a factor of t^vo or 


(b) 


G.A. Chapman L N.R. Sheeley, Jr. (1977): **An Improved Measurement 

of a Spectrogram of a ’Gap’**, Solar Phvs . 51, 61. 



Ftg 2 The spectrum of the quiet Sun and the gap* covering the region from 523^ \ to 5255 \ m three 
parts The facular spectrum is shitted upwards b> 0 2 m / i, for clartiv The wavelength wale is 0 56U X 
between each large tick mark on the abscissa and runs left to right on each The arrows indicaie the correct 

scale for that ponion of the spectrum 
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Inferred Single^Compon^nt Profllt from Hurvey and Llvingiton (19b9) 
(based on a weak-fleld incerprscat ion?) 


tAOMtOiji %PN MtAltMMf STS WITH TtMff KATUU-MSSITIM LIS|S 291 



• ^ RotK of the tiopc of the 5250 2 A line profile in non-magnetic regions to the slope in 
m;n«,;tc rvi'uii as a function of the position of the magnetograph exit sUt. This is the factor b> 
*25C longitudinal magnetic measurements with Bahcock-t>pe magnetographs should be 
to correct for line prohle changes in magnetic regions outside of sunspots. 
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Half - width (mi) 


Fig. 3. One half of the width of the 5250.2 A line as a function of intensity relative to the Uv» 
continuum in (b> and out (a) of magnetic regions Curve (a) is derived from direct observjiu-^ 
Curve tb) is derived indirectly (see text). About 67*, of the magnetic region line proh'rs fall 

the range indicated about curve (b) 
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Optical Efflcltncv of «n Actual Maanetonraph 

(a) U.C. Livingston, J. Harvey, A.K. Plarca, D. Schraga, B. Clllaspla, 
J. Slnnons, and C. Slaughter (1976): "Kltt Peak 60-ctn Vacuum 

Telescope," Applied Optics 15 , 33. 


Vii 6 do th« photons fo? Mtssursd transmission 

«ptctroiraph. and accompany ing magnttograph 



(b) W.C. Livingston, J. Harvey, C. Slaughter, D. Trumbo (1976): 
"Solar Magnetograph Employing Integrated Diode Arrays," 
Applied Optics 15 , 40. 


!l. optical Trantmisiion at XO.8688 
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K.-” 
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0 34 
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Mp.. ."'^ph) 
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0.S5 
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0 92 
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0.70 
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*“ P'. 1 i^ation effact not ramovad. 
* manufacturtr’s data. 


